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Abstract
When helicopters operate close to the ground in desert conditions, the rotor wake can entrain
large amounts of dust into the flow field surrounding the aircraft. This entrainment of dust
can result in the potentially dangerous condition known as brownout where the pilot loses
situational awareness. Understanding the physics that governs the entrainment of dust from
the ground may eventually allow the condition of brownout to be avoided completely.
To enable the formation of dust clouds around helicopters to be investigated, Brown’s
Vorticity Transport Model (VTM) has been enhanced to include the ability to model the
entrainment of dust from the ground and the transport of this dust once in the flow field.
Comparison of the predictions of the VTM with experimental results has shown the VTM
to be capable of capturing the general characteristics of the dust clouds. Close examination
of the formation of the dust clouds revealed that the general physics that governs the en-
trainment process is the same for different rotors and a universal model of this process is
described. Differences in the size and density of the dust clouds that form around different
rotors result from differences in the overall behaviour of the wakes that are generated.
The design of a rotor can have a significant effect on the size and density of the dust cloud
that is produced. The tip vortices have been identified as the main cause of the changes to
the dust cloud. However, the behaviour of these tip vortices, when the rotor is operating
in ground effect, is dependent on the rotor design and also on the advance ratio of the ro-
tor. Thus, to determine the size and density of the dust cloud that would form around any
particular rotor, the behaviour of the wake of that rotor must first be known.
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Chapter 1
Introduction
When helicopters are flown at low speed above desert or dusty surfaces a very real concern
to their operators is the tendency for the rotor wake to disturb the surface and to entrain
dust particles into the airflow surrounding the aircraft. This entrainment of dust can lead to
the potentially dangerous condition known as ‘brownout’ where the pilot loses situational
awareness as the dust cloud engulfs the aircraft and their view becomes obscured. Not only
can this result in a loss of life in the severest of cases but significant damage can be done
to the aircraft when operating in such conditions. Over time the constant bombardment of
dust particles on the rotor blades causes the blades to erode. Additionally, dust particles that
enter into the rotating components of the rotor cause a similar problem. Further to this, the
continual build up of dust within the helicopter that occurs during sustained operations in
desert conditions can, over time, reduce the payload of the aircraft. Over the past few years
there has been a large increase in military operations in Iraq and Afghanistan. According
to the Army Aviation Applied Technology Directorate, in the first year of the war in Iraq,
equipment damage to helicopters, as a direct result of operating in dusty conditions, has cost
the US Army $60 million in addition to suffering three fatalities and 29 non-fatal injuries.
Thus, due to the current political climate, there has been a recent resurgence of interest in
the area of rotor operation in ground effect and brownout.
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1.1 Overview of Rotor Flight In Ground Effect
The effect of dust erosion on helicopters operating in dusty environments has always been
a problem. There was interest in this topic of dust entrainment by rotor wakes back in the
1960s when Rodgers [1], using a Piasecki H-21, conducted flight tests in which dust was
collected at various sampler stations around the aircraft when it was hovering above a dusty
surface. The density of the dust cloud surrounding the aircraft was estimated from the dust
that was collected. Until very recently, further research on this topic, at least that which has
been published, has been limited. In 2006, further flight tests were conducted, as reported by
Cowherd [2], in which a number of different helicopters were flown above a dusty surface.
During this set of tests, the dust which became entrained into the flow field was collected
at stationary points on the ground as opposed to being collected in samplers located on
the aircraft itself. As with the number of flight tests, the number of controlled laboratory
experiments which have investigated the formation of dust clouds around rotors has been
minimal. Work published on the topic is limited to that conducted at the universities of
Glasgow [3] and Maryland [4, 5] and at Continuum Dynamics, Inc [6]. These experimental
investigations have provided valuable insight into the flow physics which govern the onset
of brownout. There is perhaps more interest in numerical simulation of helicopter brownout,
with Haehnel et al. [7], Wachspress et al. [8, 9], Whitehouse et al. [6] and D’Andrea [10] all
having published work describing computational techniques for simulating the entrainment
and transport of particles in the flow field around helicopters. As the downwash from the
rotor influences the entrainment of dust from the ground plane, Wadcock et al. [11] examined
the downwash characteristics of two different helicopters. This recent computational work
has focused on understanding how the rotor wake, as it interacts with the ground, affects
the size and geometry of the dust cloud that is generated. The hope is that, by changing the
design of helicopters or the trajectories they follow when landing, the dust clouds that cause
brownout can be ameliorated through aerodynamic means.
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When using computational simulation to investigate brownout, accurate simulation of the
flow field around helicopters in ground effect is an important pre-requisite to the correct sim-
ulation of the dust clouds that can form around helicopters in dusty conditions. The induced
velocity of the flow field influences the formation of the dust cloud. Thus, by understanding
the behaviour of the flow field around a rotor in close proximity to the ground, the behaviour
of the dust cloud can be deduced. There is a large body of work which examines rotor oper-
ation in ground effect in both hover and forward flight. This body of work can thus be used
to verify the predictions of computational models and to confirm whether the velocity field,
and subsequently the formation of the dust cloud, are calculated correctly.
Analytical studies on the effect of a ground plane on the performance of lifting airscrews
were being conducted as far back as 1937 when Betz [12] and later Knight and Hefner [13, 14]
and Zbrozek [15] investigated the effect of the ground on the thrust and power requirements
of an airscrew. They reported that, the greater the height of the rotor above the ground, the
smaller the effect of the ground on the thrust and power requirements. The effect of the
ground becomes almost negligible at a height of one rotor diameter above the ground. This
line of work was extended by Cheeseman and Bennett [16] who investigated the effect of
the ground on the thrust and power requirements when a helicopter is operated in forward
flight close to the ground. They reported that, in forward flight, the power required by the
rotor for a given thrust decreases when the height of the rotor above the ground decreases.
When the forward flight speed increases, however, the effect of the ground plane decreases.
A number of flight tests were conducted using a variety of different aircraft to investigate the
power required to hover at a constant thrust in ground effect. The results of these tests were
documented by Hayden [17]. The very complex nature of the flow field produced in ground
effect was confirmed by Fradenburgh [18] who also reported that, in ground effect, the rotor
experiences an upflow through the centre of the rotor. The results of these studies can all be
used to validate the predictions of computational models.
With perhaps more relevance to the accurate prediction of the dust clouds that form
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around helicopters when operating in desert environments, further experimental studies have
focused on the changes in wake geometry with forward speed in the presence of a ground
plane. Sheridan and Wiesner [19] present results from wind tunnel tests conducted during
the 1970s by Boeing Vertol. They reported that, at low forward speed in flight close to the
ground, a ground vortex forms upstream of the rotor. As the flight speed increases, this
ground vortex moves closer to the rotor before eventually moving below and to the aft of
it. They also noted that these changes in the wake geometry have an effect on the cyclic
pitch required to trim the rotor. The lateral cyclic pitch required in ground effect is less
than that required out of ground effect. An experimental investigation by Curtiss et al. [20]
involving smoke flow visualisation confirmed the presence of a ground vortex but they char-
acterised the flow field by two distinct regimes which are dependent on the rotor advance
ratio and height above the ground. In the first of these regimes, called by them the recircula-
tion regime, which occurs at low advance ratios, the rotor wake flows forward and upwards
and recirculates through the front of the rotor. The formation of a well-defined horseshoe
vortex below the rotor at slightly higher advance ratios occurs in the second, ground vortex,
regime. They also reported that a marked change in the forces and moments experienced
by the rotor occurs as the ground vortex moves below the rotor. By use of computational
modelling, Whitehouse and Brown [21] confirmed the presence of these regimes. They also
described a third regime which occurs between the recirculation and ground vortex regimes.
In this third regime, called by them the intermittent regime, there is some of the disorder
associated with the recirculation regime but there is also a ground vortex just upstream of
the leading edge of the rotor. Further work was performed by Curtiss, Erdman and Sun [22]
to investigate to what extent translational acceleration alters the ground effect that is experi-
enced by a rotor. They found that acceleration can have a significant effect on the forces and
moments experienced by the rotor near to the critical advance ratio at which the flow moves
from being recirculatory to forming a ground vortex. Acceleration from hover was found
to extend the range of advance ratios at which the recirculation regime exists and to delay
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the formation of the ground vortex to a higher advance ratio. This change in ground vortex
formation results in the rotor hub moments staying roughly constant over a larger range of
advance ratios. It was also reported that this effect of rotor acceleration increases as the
height of the rotor above the ground decreases. The changes in wake geometry described in
these references will be shown in the present work to have a significant influence on the dust
cloud that forms around the rotor when operating close to the ground in desert environments.
Thus, computational methods must be capable of capturing these changes in the wake in
order to predict accurately the dust distribution around a helicopter.
Further experimental investigations of the unsteadiness of the flow field associated with
helicopters operating in ground effect have been conducted by Cimbala et al. [23], Saijo et
al. [24, 25] and Ganesh and Komerath [26, 27]. Cimbala et al. studied the ground vortex
that forms when a jet impinges on a ground plane in the presence of a cross flow. They
reported that the ground vortex was found to be highly unsteady and expands and contracts
at a very low frequency. Vortices shed from the lip of the jet exit were found to combine
to form the ground vortex. These vortices were shown to add to the higher frequency un-
steadiness of the ground vortex but were not the cause of the low frequency pulsations. The
frequency of the pulsation of the ground vortex is highly dependent on freestream veloc-
ity. Saijo et al. [24, 25] used flow visualisation to study features in the rotor wake that are
associated with rotor operations close to the ground and augmented this by using hot wire
measurements to examine the unsteadiness within the wake. Hot wire anemometry was also
adopted by Ganesh and Komerath in Ref. [26]. Ganesh and Komerath extended their work
by using Particle Image Velocimetry (PIV) to examine the formation of the ground vortex
and to measure the velocities in and around it [27]. They concluded that the ground vortex is
composed of an accumulation of the tip vortices produced by the rotor. They also noted that
the strength of the ground vortex was more than four times the strength of the individual tip
vortices produced by the rotor.
An investigation into the effect of the ground plane in distorting the trajectory of the tip
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vortices which are trailed from the rotor blades was conducted by Light [28]. The position of
the tip vortices produced by a full-scale Lynx tail rotor placed close to a large, disc-shaped
ground board were obtained by photographing the vortices using a wide-field shadowgraph
method. Light showed that when a rotor is in ground effect, the axial descent rate of the
tip vortices decreases as they reach the ground plane. In the radial direction, as with hover
out of ground effect, the trajectory of the tip vortices is seen to contract initially. The radial
displacement of the vortices then increases dramatically as the rotor wake approaches the
ground plane.
Another feature of the rotor wake when a helicopter is operating in ground effect is that,
when the wake interacts with the ground plane, the tip vortices combine to form what can
be thought of as a wall jet. A number of flight tests have been conducted in which the radial
velocities produced by a variety of different aircraft have been recorded. This data has been
documented by Preston [29] and has been used to construct a semi-empirical mathematical
model which can be used to calculate the shape and magnitude of the rotor outwash. Lee
et al. [4] have conducted an experimental investigation, using flow visualisation and digital
particle image velocimetry, to examine the effect of a ground plane on the rotor downwash.
By studying the effect of the rotor height on the velocity profile produced, Lee et al. reported
that the flow velocities along the ground are dependent on the height of the rotor above the
ground. It is known that the development of the dust cloud around a helicopter is strongly
linked to the induced velocities within the rotor wake. When using computational models
to investigate the formation of the dust clouds in the flow field around helicopters, it is thus
essential that these induced velocities are predicted accurately.
The analytical and experimental studies referred to above provided valuable information
on the characteristics of flight in ground effect. The understanding of the dynamics of the
flow field can be enhanced by the use of computational models to simulate rotor flight in
ground effect. Although many years of development of computational models has resulted
in rotor wake and performance predictions being acceptable in most operational flight con-
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ditions, the presence of a ground plane still poses some challenges. In the free-vortex wake
method, as adopted by Graber et al. [30], Keller et al. [31] and Leishman et al. [32, 33]
amongst many others, a concentrated tip vortex is trailed from each rotor blade into the
wake. This vortex is then convected through the flow field. In terms of computational ex-
pense, this method is fairly efficient. It is limited, however, in that the small scale structures,
which result from the breakdown of the larger vortical structures, may not be captured. The
approach used for the simulations presented in this dissertation reveals these smaller scale
features of the flow field. In Brown’s Vorticity Transport Model (VTM), the vortical struc-
tures within the rotor wake are conserved explicitly and thus exist within the flow field for
very long periods of time. The small scale structures which form from the breakdown of
the larger vortical structures, due to the inherent instability in the wake, are revealed. When
examining the behaviour of the wake in ground effect and investigating the physics which
governs the formation of the resulting dust cloud, this preservation of the vortical structures
is essential.
1.2 Aims
When examining the generation of the dust clouds that form around helicopters when oper-
ating in ground effect in desert conditions, the limited body of published experimental data
has resulted in only a small amount of information being available regarding the fundamental
processes that are involved. The main aim of this research is to provide results from which
a better understanding of the physics that govern the behaviour of the dust clouds can be
obtained. Also investigated are how the size and density of the resulting dust cloud relates
to the design of the helicopter. By conducting these investigations and gaining a better un-
derstanding of the physics which is involved with the formation of the dust clouds around
helicopters, it is hoped that a fully aerodynamic solution to the problem of brownout may
eventually be obtained.
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Insight into the formation of the dust clouds will be gained by examining the behaviour of
rotor wakes when operating in ground effect and establishing how this behaviour relates to
the entrainment of dust from the ground. Thus, the first aim of this research is to determine
the ability of the VTM to predict correctly the wake structures generated by rotors in ground
effect. With confidence in the predictions of the VTM so obtained, the code is modified to
include the simulation of particles within the flow field. The second aim is then to understand
how the vorticity contained within the rotor wake, and hence, the velocity within the flow
field, is related to the entrainment of dust from the ground plane and the transport of this
dust once in the flow field. When investigating this process the work will focus on the
fundamental questions of particle entrainment in an attempt to understand the underlying
physics that governs the formation of dust clouds around helicopters. The final aim of the
research presented in this dissertation is to establish which rotor parameters have the greatest
effect on the size and density of the dust cloud that is generated around the helicopter when
operating in hover and forward flight in close proximity to a ground plane. The results
from this investigation should provide valuable information that may be considered when
designing new helicopters in which the tendency of the helicopter to induce brownout must
be reduced.
1.3 Synopsis
The work contained in this dissertation is structured as follows. In Chapter 2, the theory and
numerical implementations used within the VTM are presented. The techniques used when
calculating the evolution of the wake are described, including how the governing equations
are solved and how the computational domain is structured. The blade aerodynamic and
structural dynamic models and the method used to trim the helicopter are then defined. Fi-
nally, the method by which a ground plane is implemented is described.
Chapter 3 provides verification of the ability of the VTM to capture the behaviour of the
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wake and the operating properties of a rotor when it is operated in ground effect. A number
of comparisons have been conducted previously between experimental data and the predic-
tions of the VTM for flight out of ground effect (OGE) [34,35,36]. The results presented in
this chapter, however, highlight the ability of the VTM in ground effect (IGE), as correct pre-
diction of the wake structures generated by rotors is an essential pre-requisite to the correct
modelling of brownout.
To simulate particle transport within the flow field around helicopters in order to model
brownout, the VTM is modified to include particle entrainment and transport models. These
modifications to the VTM are described in Chapter 4. The numerical implementation of the
model for the transport of the particles, once in the flow field, is presented. The particles must
also be capable of entering and settling out of the flow field. The semi-empirical models used
to simulate these two processes are also described. The computational implementation of the
modification is discussed before, finally, the predictions of the VTM of particle distributions
within the flow field are verified.
The distribution of dust within the flow field around a helicopter is dependent on the be-
haviour of the rotor wake. Thus, an investigation into the variation of wake structure with
rotor configuration is presented in Chapter 5. The differences in wake geometry as gener-
ated by different rotors when hovering at various heights above the ground are presented.
Anecdotal evidence suggests that tandem rotor helicopters are more susceptible to inducing
brownout than single rotor helicopers. Thus, the wake structure generated by a single rotor
and a tandem rotor configuration helicopter during forward flight are compared. The con-
nection between vorticity, velocity and dust is then established and the physics governing the
entrainment process is described. This is followed by an examination of the dust distributions
generated by the single rotor and tandem rotor configurations.
Chapter 6 presents an investigation of the effect of helicopter design on brownout. A
generic rotor is modelled and simulated in both hover and in forward flight above the ground.
The disc loading of the rotor is altered as are various rotor design parameters such as the num-
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ber of blades, twist and root cutout. By perturbing the geometric properties of the generic
rotor, and observing the corresponding changes in the dust distributions that are generated,
the sensitivity of the size and density of the dust cloud to each rotor parameter is examined.
Finally, in Chapter 7, conclusions from the presented research are drawn and recommen-
dations for further work are proposed.
1.4 Work Published and Presented
Portions of the work presented in this dissertation have been published previously, either in
peer-reviewed journals or conference proceedings. The description of the particle transport
and entrainment models and the comparison between the dust distributions generated by the
single rotor and tandem rotor configurations formed the basis of a paper that was presented at
the 64th Annual Forum of the American Helicopter Society in Montre´al in April 2008. This
paper, with slight modifications, was published in the Journal of Aircraft in July 2009 [37].
The investigation of the differences in wake structure generated by the single rotor and
tandem rotor configurations, and the connection between the rotor wake and dust distribution,
was presented in September 2008 at the 34th European Rotorcraft Forum in Liverpool [38].
The effect of modifying the number of blades and the twist of the blades, as discussed in
Chapter 6, formed the basis of the paper that was presented at the 35th European Rotorcraft
Forum in Hamburg in September 2009 [39].
Chapter 2
The Vorticity Transport Model
2.1 Introduction
The flow environment in which helicopters operate is highly unsteady. Vorticity is shed and
trailed into the rotor wake as a result of the generation of lift by the rotating blades of the
system. In cases where the aircraft is in operation close to the ground, the geometry of the
rotor wake can be altered by the ground plane. This change to the rotor wake and distribution
of vorticity can affect the aerodynamic performance of the helicopter. The vorticity field
produced by the rotors must therefore be represented correctly to allow the aerodynamics
and dynamics of a rotor and fuselage within such an environment to be modelled accurately.
Many aerodynamic problems can be modelled using Computational Fluid Dynamics (CFD)
where the Navier-Stokes equations are solved numerically to evolve the flow field through
time. In most cases these CFD techniques attempt to solve the equations of motion in terms
of the primitive variables, pressure, density and velocity. These methods are known to suffer
from numerical diffusion of vorticity which, when modelling the longer term behaviour of
the flow field around a helicopter, reduces the accuracy of the solution. In a typical CFD
method the volume surrounding the helicopter is discretised into a number of computational
cells through which the solution to the equations of motion are advanced through time. The
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numerical diffusion experienced within the calculations can be reduced by increasing the
number of cells but because detailed simulation of rotorcraft wakes requires the vorticity to
be conserved over long periods of time the increase in the number of cells required can result
in the calculation becoming very computationally expensive.
A second approach to solving the Navier-Stokes equations, which overcomes the exces-
sive dissipation of the vorticity found when using the primitive variable form, is to formulate
the equations in a way that explicitly conserves the vorticity. This alternative method, in
the form of the Vorticity Transport Model (VTM), has been used to carry out all the rotor
simulations presented in this dissertation. This chapter describes the theory and numerical
techniques which are implemented within the VTM.
2.2 The Governing Equations
The equations of motion of a fluid can be described in terms of pressure, density and velocity
by considering the conservation of mass, and the interchange of momentum and energy of
the system. The Navier-Stokes equations can thus be written in primitive variable form as
∂
∂t
υ + υ · ∇υ = −1
ρ
∇p+ ν∇2υ (2.1)
In developing this form of the equations it has been assumed that the flow field is incom-
pressible so that the continuity of mass can be written simply as
∇ · υ = 0 (2.2)
For a large part of the flow field, the speeds at which helicopters operate mean this as-
sumption is credible. The regions near the tips of the rotor blades, however, can experience
compressibility effects due to their operation close to the speed of sound. These effects are
accounted for in the VTM by the use of aerodynamic lookup tables. These tables provide
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the aerofoil characteristics over a range of different Mach numbers allowing more accurate
aerofoil data to be used in such regions.
As the VTM conserves vorticity explicitly and solves the Navier-Stokes equations in the
vorticity-velocity form, Eq. 2.1 can be rewritten in terms of vorticity and velocity. Taking
the curl of Eq. 2.1 results in the unsteady vorticity transport equation
∂
∂t
ω + υ · ∇ω − ω · ∇υ = ν∇2ω (2.3)
where the vorticity, ω, is defined as ω = ∇ × υ. The evolution of the vorticity field is
calculated in the VTM by advancing Eq. 2.3 through time.
With the assumption of the flow being incompressible, the velocity field has zero diver-
gence and is therefore uniquely defined by the vorticity field. Taking the curl of the vorticity
∇× ω = ∇×∇× υ (2.4)
which can be rewritten as
∇× ω = ∇(∇ · υ)−∇2υ (2.5)
but as the flow field is assumed incompressible, substitution of Eq. 2.2 in to Eq. 2.5 results
in the differential form of the Biot-Savart equation
∇2υ = −∇× ω (2.6)
The solution to Eq. 2.6 is found using Green’s theorem giving
υ(x) = − 1
4pi
∫
V
(x− y)
|x− y|3 × ω(y)dy (2.7)
The Reynolds numbers experienced in full scale helicopter flows are high which allows
the flow to be assumed inviscid, i.e. ν = 0. However, within the thin boundary layers
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surrounding the lifting surfaces immersed within the flow the viscosity is not assumed neg-
ligible. The effects of these viscous regions on the flow are introduced using a source term,
Sω, on the right hand side of Eq. 2.3 so that the vorticity transport equation can be rewritten
as
∂
∂t
ω + υ · ∇ω − ω · ∇υ = Sω (2.8)
The source term accounts for the vorticity produced by lifting surfaces as they move through
the flow. For the work presented in this dissertation, the lifting surfaces considered are the
rotor blades.
2.3 The Vorticity Transport Model
The Vorticity Transport Model as first described by Brown [40] and further developed by
Brown and Line [34] has been used to carry out the rotor simulations presented in this dis-
sertation. An addition to the model has been made which allows the simulation of particle
transport within the wake surrounding the rotor. This particle transport model was intro-
duced to allow the VTM to simulate helicopters operating above dusty surfaces and so that
the dynamics of the resulting dust cloud could be investigated.
The VTM is a finite volume based CFD model which conserves vorticity explicitly and
advances it within the flow field under the action of the velocity field. In the VTM, numerical
diffusion causes the vorticity to suffer from spatial smearing whilst the strength of the vor-
ticity is maintained but this smearing is minimised by use of Toro’s Weighted Average Flux
(WAF) scheme [41] as described in § 2.3.2.2. The velocity field generated by the vorticity
is calculated using Eq. 2.7. A Cartesian Fast Multipole Method (FMM) is used to lessen the
number of cell-cell interactions that are to be calculated and thus reduces the computational
costs of this calculation. Within the VTM the computational grid is essentially boundary free
and an adaptive grid structure is used so that computational cells exist only in the regions of
the flow where there is vorticity present. This use of an adaptive grid and the removal of
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redundant cells increases the computational efficiency of the code and concentrates the com-
putational resources on the areas of interest. The ground plane is represented by applying
the zero through-flow boundary condition using the method of images.
The VTM has been used in previous studies to investigate the aerodynamics and dynamics
of helicopters in a number of operational conditions. An initial study into rotor operations
in ground effect was carried out by Whitehouse and Brown [21] as was an investigation in
to the response of a rotorcraft as it interacts with the wake of another aircraft [42]. The
VTM has been used further to examine the effects of the vortex ring state on the behaviour
of rotorcraft [43, 44] and to investigate the aerodynamic interactions which occur between
the rotor wake and the fuselage [35], main rotor and tail rotor [45] and within coaxial rotor
systems [36].
2.3.1 The Computational Grid
As helicopters operate in three-dimensional space, the flow field around the rotorcraft in a
numerical simulation must be discretised into a number of three-dimensional computational
cells through which the solution to the fluid flow equations can be advanced. Within the VTM
a Cartesian background stencil is used to represent the position at which each computational
cell, with side ∆0, can be located. The VTM is an Eulerian flow solver as the stencil is fixed
in relation to the rotor hub. The number of possible cell positions provided by the stencil is
infinite which allows the flow domain to extend indefinitely in all directions.
The development of the rotor wake is calculated according to Eq. 2.8 with the vorticity
from the lifting surfaces within the flow being introduced to the computational grid through
the source term, Sω. To evolve the vorticity through the computational domain, the only
cells required are those containing the vorticity and, due to the second order component of
the WAF method, the two cells immediately adjacent to these. If a cell contains vorticity then
new cells are created at the locations neighbouring this cell so that the vorticity can advect
further at the next time step. In the same way, if a cell no longer contains any vorticity and
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Figure 2.1: Schematic diagram of the computational grid showing the arrangement of nested
grid levels with varying cell size. Cell overlap required for the advection scheme is shown at
the interfaces between grid levels.
does not neighbour one which does, then this cell is destroyed. This creation and destruction
of cells when required reduces the computational costs incurred.
As the grid is effectively boundary free, the number of cells could expand infinitely. This
is protected against, however, to avoid the computation becoming far too expensive. To limit
the total number of cells in the simulation, a nested grid structure is used where, at specified
distances from the rotor, the resolution of the grid is reduced. The rotor is contained in
the lowest grid level where the resolution is the same as that of the background stencil.
Where specified, the resolution reduces with the cell edges doubling in length as shown in
Figure 2.1. This process of doubling the cell size can be repeated indefinitely as the distance
from the rotor increases but realistically only three or four levels are required to reduce the
resolution sufficiently to keep resources concentrated within the regions of interest.
It is important that the conservative and monotonic properties of the advection scheme
are preserved at the interfaces between the levels. This is achieved by extending the finer grid
from the lower level and overlapping it into the next higher level grid as shown in Figure 2.1.
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The flux of vorticity is then calculated on the overlapped finer grid and extrapolated onto the
coarser grid. This method conserves the vorticity through changes in the grid resolution.
For the solution to advance in a stable manner through each timestep, the Courant-
Friedrichs-Lewy (CFL) condition must be satisfied, that is υ∆t/∆x < 1 where ∆t is the
computational timestep, υ is the local flow velocity and ∆x is the length of the computational
cell on each grid level. As the cell size doubles at each change in grid level, the timestep used
to advance the flow solution can be doubled and as a result the CFL number stays the same.
Therefore as the number of grid levels increases the minimum timestep required to advance
the solution also increases by a factor 2i where i is the grid level (i = 0, 1, 2...), allowing
fewer timesteps to be needed on the outer grid levels. This approach allows the computa-
tional resources to be focused on the most finely resolved parts of the domain closest to the
rotor.
2.3.2 Numerical Implementation
The numerical methods and techniques used within the VTM to solve the governing equa-
tions and to evolve the resulting flow field through time are presented in the following sec-
tion.
2.3.2.1 Discretisation of the Governing Equations
The governing equation for the transport of vorticity through a computational grid was in-
troduced earlier as Eq. 2.8. The distribution of vorticity that is calculated is assumed to be
uniform within each cell. By integrating spatially and temporally over the cell volume, V ,
and timestep, ∆t, the discrete form of any flow variable, q(x, t), can be defined by
[q]n =
∫
V
q(x, n∆ti)dx (2.9)
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and
[q]n∆ti =
∫ n+1
n
[q]ndt (2.10)
where the term ∆ti = 2i∆t0 and accounts for the difference in timestep between the grid
levels and n is the timestep (n = 0, 1, 2...). These definitions allow Eq. 2.8 to be rewritten in
the discrete form
[ω]n+1 − [ω]n = [ω · ∇υ]n∆ti − [υ · ∇ω]n∆ti + [Sω]n∆ti (2.11)
At the beginning of each timestep, n∆ti, the Cartesian Fast Multipole Method is used to
evaluate the velocity distribution within the flow, υn = υ([ω]n), from the vorticity distribu-
tion, [ω]n. The vorticity distribution at time t = (n+ 1)∆ti can then be determined from the
distribution at t = n∆ti using the operator splitting
[ω]∗ = [ω]n + [Sω]n∆ti
[ω]∗∗ = [ω]∗ + [ω · ∇υ]n∆ti
[ω]n+1 = [ω]∗∗ − [υ · ∇ω]n∆ti (2.12)
where the stretching operator, [ω · ∇υ]n∆ti is evaluated using Runge-Kutta integration and
the advection operator, [υ ·∇ω]n∆ti , is evaluated using Toro’s Weighted-Average-Flux (WAF)
scheme [41] described in more detail in § 2.3.2.2. The construction of the vorticity field using
the operator splitting approach is second order accurate in time as long as the approximation
for each operator is also second order accurate in time [46].
2.3.2.2 The Advection Routine
Whilst calculating the advection of vorticity through the computational domain, it can suffer
from spatial smearing due to numerical diffusion. As a result of this smearing, the vortical
structures in the flow can become less compact. To overcome this, Toro’s WAF scheme is
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employed while calculating the flux of vorticity between cells using the advection operator,
[υ · ∇ω]n∆ti . By using Strang’s method, [47], this three-dimensional operator can be broken
down into three one-dimensional operators which, when integrated over the cell volume,
gives
[ω]n+1 = [ω]n − ∆t
∆x
(Fk+1/2 − Fk−1/2) (2.13)
for the flux of vorticity in one grid direction. Calculation of the flux of vorticity in the other
two grid directions is essentially similar. The flux of vorticity through the left face and right
face of the cell are Fk−1/2 and Fk+1/2 respectively and are shown schematically in Figure 2.2.
Toro’s WAF scheme employs a Riemann based approach by considering the flux of vor-
ticity as a wave of vorticity that arises at position xk+1/2 and travels at a speed υk+1/2, as
shown schematically in Figure 2.3. The flux of vorticity is composed of two partial fluxes,
F
(1)
k+1/2 and F
(2)
k+1/2. These partial fluxes are weighted by factors W1 and W2 which are the
distances of the wave front at time t = tni +∆ti/2 from positions xk and xk+1 respectively.
These weighting factors are thus
W1 =
1
2
(1 + ν)
W2 =
1
2
(1− ν) (2.14)
where ν = υk+1/2∆t/∆x is the CFL number at the cell interface. The total vorticity flux is
then
Fk+1/2 = W1F
(1)
k+1/2 +W2F
(2)
k+1/2 (2.15)
where the partial fluxes are given by
F
(1)
k+1/2 = υ
n
k+1/2[ωk]
n
F
(2)
k+1/2 = υ
n
k+1/2[ωk+1]
n (2.16)
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Figure 2.2: Schematic showing the calculation of vorticity across cell faces.
Figure 2.3: Schematic showing the calculation of the weighting factors for the partial fluxes.
As this scheme is second order time accurate, it can suffer from spurious oscillations
in regions of high gradients of vorticity. To overcome this, wave amplifier functions are
employed to ensure that the solution is Total Variation Diminishing (TVD) [48]. The Total
Variation, defined in terms of a discrete vorticity field, is
TV (ωn) =
∞∑
k=−∞
|[ωk+1]n − [ωk]n| (2.17)
and is essentially a measure of the oscillatory behaviour of the solution. For the scheme to
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be fully TVD the amplifier functions must be chosen to satisfy the condition
TV (ωn+1) ≤ TV (ωn) (2.18)
Amplifier functions, ζ , are used to modify the weighting factors
W1 =
1
2
(1 + ζν)
W2 =
1
2
(1− ζν) (2.19)
where
ζ = ζ(rnk+ 1
2
, ν) (2.20)
and where rn is the vorticity distribution ratio
rnk+1/2 =
[ωk]
n − [ωk−1/2]n
[ωk+1/2]n − [ωk]n (2.21)
The VTM uses a development of the SUPERA type amplifier function [48] to determine the
value of ζ to use in the calculations.
2.3.2.3 The Velocity Field
For the WAF method to be used to calculate the vorticity flux into each cell, the velocities
at the cell faces must first be known. These velocities are calculated within the VTM by
approximating Eq. 2.7 as
υ(x) ≈
∫
V
Kδ(x, y)× ω(y)dy (2.22)
where Kδ is the Rosenhead-Moore kernel [49, 50],
Kδ(x, y) = − 1
4pi
(x− y)
(|x− y|2 + δ2)3/2 (2.23)
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Figure 2.4: Approximation of multiple cell cluster-cluster interaction using the multipole
method.
and replaces the Biot-Savart kernel in Eq. 2.7. The parameter δ is used to account for the
fact that the vorticity is distributed uniformly in the cells rather than it being represented as a
vortex singularity. The value of δ is chosen such that the maximum velocity induced by the
vorticity within a cell is found at the faces of the cell.
If the solution to Eq. 2.22 was to be calculated simply by summing over all the com-
putational cells then the computational costs would be O(N2), with N being the number
of computational cells. The computational costs of the velocity calculation can be reduced
to O(N) by implementing the Cartesian Fast Multipole Method, [51], in which clusters of
cells are formed to allow cluster-cluster rather than cell-cell interactions. When evaluating
Eq. 2.22, the integral can be expanded using a truncated Taylor series. The order of trun-
cation used in the expansion then determines the accuracy of this method. When using the
FMM, clusters are formed by grouping together a number of cells. The effect of the cells
within one cluster on another cluster can then be calculated assuming that the second cluster
is well separated from the first. As the strength of the Biot-Savart interaction between clus-
ters reduces quickly as the distance between the clusters increases, the computational cost
of calculating the velocity can be reduced using the FMM in comparison to calculating the
cell-cell interactions directly.
Figure 2.4 shows a representation of the cluster-cluster interactions implemented within
the FMM. A number of cells, Nτ , are grouped together to form a cluster, τ . The centre of
the cells in a cluster lie at yj while the vorticity-weighted centre of the cluster is at yτ . The
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velocity induced in another cluster τ ′, which is well separated from τ , can be evaluated by
considering the total vorticity contained in τ . Equation 2.22 can be rewritten in terms of the
cluster structure as
υ(x0) ≈
∑
j∈τ
Kδ(x0, yj)× ωj (2.24)
which can be expanded about the centre of the source cluster as a Taylor series
υ(x0) ≈
∑
j∈τ
Kδ(x0, yτ + (yj − yτ ))× ωj
≈ ∑
j∈τ
∞∑
k=0
1
k!
DkyKδ(x0, yτ )(yj − yτ )k × ωj (2.25)
As the Taylor expansion is three-dimensional, the terms involved are vectors, so k =
(k1, k2, k3), k! = k1!, k2!, k3!, Dky = ∂/∂y
k1
1 , ∂/∂y
k2
2 , ∂/∂y
k3
3 and xk = x
k1
1 , x
k2
2 , x
k3
3 for
ki ≥ 0. The subscripts 1, 2 and 3 refer to the Cartesian directions. Truncating the series at
the pth term gives
υ(x0) ≈
p∑
k=0
ak(x0, yτ )×mk(τ) (2.26)
and allows the velocity induced at x0 by the vorticity in τ to be evaluated.
The range of the interactions in cluster τ is described by the tensor function
ak(x0, yτ ) =
1
k!
DkyKδ(x0, yτ ) (2.27)
The local distribution of vorticity within the cluster is given by the moments
mk(τ) =
∑
j∈τ
(yj − yτ )kωj (2.28)
The velocity induced at the centroid of the target cluster by the vorticity within the source
cluster can then be calculated using Eq. 2.26. The saving in computational cost by using
the FMM is achieved by obtaining the discrete velocities in the target cluster by using a
truncated Taylor series expansion about the centroid of the cluster. For this calculation the
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spatial derivatives of the velocity about x0 must be known. The velocities at other positions,
x, within the target cluster can then be approximated by using a series expansion about x0,
υ(x) ≈ υ(x0) +
p∑
k=1
1
k!
Dkxυ(x0)(x− x0)k (2.29)
where
Dnxυ(x0) = (−1)n
p∑
k=n
k!
(k − n)!ak(x0, yτ )×mk−n(τ) (2.30)
and is found by differentiating Eq. 2.26 with respect to x0.
For the FMM to be implemented within the VTM the computational cells need to be
grouped together in clusters. For this to be possible, it is required that an octree data structure
be present within the code. In the octree structure the vorticity and velocity data is stored on
levels similar to that of the adaptive grid described earlier. The individual cells which make
up the grid are found at the lowest level of the structure. Eight individual child cells are then
grouped together and assigned to a parent cluster on the next octree level. This process is
repeated at the next level of the octree where eight of these clusters, now the children, are
grouped together to form a further parent cluster. This operation is carried on throughout the
grid until the whole domain is encapsulated by one parent cluster.
To calculate the velocity distribution throughout the grid, the FMM begins by first calcu-
lating the moments, as given by Eq. 2.28, in a sweep up through the octree structure from the
individual cells to the overall parent cluster. After this, the FMM sweeps back down through
the octree calculating the velocity on each level. To do this the velocity at cluster i on level n
is taken to be composed of contributions from far field, intermediate field and near field ve-
locities. The near field is made up of the clusters which directly neighbour the cluster i. The
intermediate field is found from the neighbours of the parent cluster of i where all the chil-
dren of the neighbours are intermediate field except for those that are in the near field. The
far field is made up of the remaining clusters. This structure is demonstrated in Figure 2.5.
For a cluster i, located on level n, the velocity due to the vorticity in the intermediate field
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Figure 2.5: Representation of the velocity field of cluster i showing the near field (dark grey),
intermediate field (light grey) and the far field (white).
can be calculated on level n using Eq. 2.26 to evaluate all the cluster-cluster interactions on
that level. This can then be added to the velocity contribution from the far field calculated
on level n + 1 then translated to the children of i on level n − 1 by means of Eq. 2.29. The
far and intermediate fields of i then become the far field of the children of i while the near
field becomes the intermediate field of the children. The calculation and translation of the
velocity from the far and intermediate fields is done for all clusters on level n before moving
on to level n− 1. The contribution of the near field is not calculated until the lowest level of
the octree has been reached. Once at the lowest level, the velocity contribution from the cells
in the near field is calculated directly using the approximation of the Biot-Savart equation
υ(x) =
∑
j
Kδ(x, yj)× ωj (2.31)
and is then added to the velocity from the rest of the field. This combined velocity gives the
overall velocity field required to allow the advection of the vorticity.
2.3.3 Blade Aerodynamics
As a rotor rotates within a viscous fluid, the movement of its blades through the fluid can
result in vorticity being generated on the surface of the blades. This vorticity is a result of the
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no slip condition on the rotor blades. Any variation in the lift produced along the spanwise
direction of the blade will result in vorticity being trailed in the streamwise direction from
the trailing edge of the blade. In addition to this, changes in local flow velocity will cause the
chordwise distribution of vorticity to alter to the changing conditions and as a result vorticity
will be shed along the span of the blade.
In deriving the vorticity transport equations earlier in § 2.2, it was assumed that the ma-
jority of the flow field is inviscid. In the thin boundary layers surrounding the rotor blades,
however, viscosity does exist. The resulting shed and trailed vorticity produced by the blades
is introduced into the flow through the source term
Sω = − d
dt
ωb + υb∇ · ωb (2.32)
where ωb is the bound vorticity and υb is the local flow velocity at a given point on the blade.
The terms on the right hand side of the equation are the shed and trailed vorticity respectively.
The bound vorticity for use in the vorticity source term must be calculated and the VTM
can employ a variety of different methods for doing this. Conventional CFD methods can
be used to calculate the vorticity that would be shed and trailed from the rotor blades into
the flow field, however, for present purposes a simpler approach is adopted to minimise
the complexity of the calculation. For all the simulations presented in this dissertation, the
Weissinger - L version of the lifting line model [52] is used to represent the aerodynamics
of the rotor blades. This method is an approximation to the lifting surface method. Using
the Weissinger - L model, the rotor blade is represented by a number of discrete bound
vortex segments placed along the quarter chord line of the rotor blade. Along the three-
quarter chord line lie collocation points, one corresponding to each bound vortex segment.
A trailing vortex is produced from both ends of each bound vortex segment such that a horse-
shoe of vortices is formed between the quarter chord and separation lines on the rotor blade
as shown in Figure 2.6. The two trailing vortices are opposite in rotational sense to each
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Figure 2.6: Schematic of blade aerodynamics and vortex lattice produced in inner wake.
other but are equal in strength to the corresponding bound vortex segment. For the vorticity
field to be divergence free a fourth vortex must be shed from the blade into the free stream
so that, when combined with the horse-shoe, a closed loop of vorticity is formed. This shed
vortex is parallel to the separation line with its rotational sense being opposite to that of the
corresponding bound vortex segment. The strength of the shed vortex equals the change in
strength of the bound vortex over a finite time. The condition of zero through-flow of the
local flow velocity normal to each collocation point can be used to calculate the strength of
the corresponding bound vortex and thus the shed and trailed vortices.
The local flow velocity found at each collocation point is composed of the velocities
due to the rotor wake and freestream, the structural motion of the blade and the velocities
induced by the inner wake lattice of vorticity. The timescales associated with the high fre-
quency dynamics and unsteady aerodynamics of the rotor blades are much smaller than those
corresponding to the evolution of the rotor wake. This difference in timescales is overcome
in the VTM by the introduction of a substepping approach where the global timestep, ∆t,
is divided into m substeps (where m is an integer). Using this approach, the evolution of
the wake (the outer problem) is advanced by timestep ∆t while the rotor blade (the inner
problem) is advanced at timestep ∆t/m. Within the inner problem, at each substep, an inter-
mediate value of the source term is calculated. This intermediate source of shed and trailed
vorticity is released into the flow at the separation line of the blade. The horse-shoe vortices
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corresponding to each collocation point form a lattice as more vortices are released with
each advancing substep (Figure 2.6). This vortex lattice is free to advect with the local flow
velocity. After m substeps, the vorticity in the lattice is interpolated into the main grid of the
outer wake problem where the total vorticity source, [Sω]
n
∆t, is then
[Sω]
n
∆t =
m−1∑
i=0
[Sω]
n+i/m
∆ti
(2.33)
A large variety of aerofoil sections with differing aerodynamic characteristics are avail-
able for modelling helicopter rotors. When used in rotor simulations, these aerofoil sec-
tions operate over a range of angles of attack and Mach number. Without modification, the
Weissinger-L approach predicts the lift-curve slope of a wing with infinite aspect ratio to be
2pi. To obtain more realistic values for the dependence of lifting properties on angle of attack,
the VTM implements aerodynamic look-up tables of the form CL(α,M,Re). These more
realistic lift characteristics are incorporated within the calculation by scaling the normal flow
component at each collocation point. In effect, any loss of lift experienced by the aerofoil
when operating in stalled conditions is modelled by reducing the normal component of the
local flow velocity and therefore altering the strength of the corresponding bound vortex. As
rotor blades often operate at high angles of attack and within regions of reverse flow on the
retreating side of the rotor, the ability of this method to model the aerofoil properties around
a full 360◦ is of great benefit. As the model is essentially inviscid and drag is not created
directly, CD(α,M,Re) and CM(α,M,Re) are included in the look-up tables in a similar
way to CL(α,M,Re).
2.3.4 Structural Dynamics
In comparison to fixed wing aircraft, the dynamic system of a helicopter rotor is very com-
plex. The rotor assembly consists of hinges which allow the rotor blades to flap normal to
and lag parallel to the disc plane. Control inputs which allow the pilot to adjust the trajectory
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of the aircraft by altering the pitch of the rotor blades are also required. A typical rotor head
therefore consists of a number of hinges, linkages, springs and dampers which connect the
rotor blades to the rotor hub. The centrifugal and Coriolis forces experienced by the rotating
blades and the bending and twist of the blades contributes further to the complexity of the
dynamics of real rotors. To simulate realistic rotor dynamic and aerodynamic behaviour, the
detailed nature of the rotor assembly must be modelled correctly.
Within the VTM the structural dynamics of the system is approximated somewhat by em-
ploying a simplified model of the rotor system. For the results presented in this dissertation
the rotor blades are modelled as rigid structures attached to the rotor hub with simple hinges,
springs and dampers. The blades are then free to flap and lag in response to any forces
they experience. If the motion of the rotor blades was simulated by solving the equations of
motion of the blades directly then these equations would need to be altered with each rotor
configuration that is simulated. To avoid the difficulties associated with this method, the
VTM represents the motion of the blades using Lagrangian dynamics. This approach allows
the dynamics of the rotor system to be represented in a generalised and adjustable manner
which reduces the difficulties associated with modelling such complex systems.
The Lagrangian approach is based on defining the energies within the system, that is, the
kinetic energy T (q, q˙), potential energy U(q, q˙), dissipation D(q, q˙) and work done Q(q, q˙),
in terms of the n generalised coordinates q = q(q1, q2, ..., qn, t) describing the state of the
system and their time derivatives q˙ = dq/dt (where n is the number of degrees of freedom
of the system). The Lagrangian of the system L = T −U . Applying Hamilton’s principle of
minimisation of action results in the Euler-Lagrange equation
d
dt
(
∂L
∂q˙i
)
− ∂L
∂qi
+
∂Dt
∂q˙i
= Qi (2.34)
where Q is the work done on the blades by the aerodynamics of the flow and Dt is the energy
dissipation at time t as a result of non-aerodynamic damping in the system. Expansion of the
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first term in Eq. 2.34 gives
d
dt
(
∂L
∂q˙i
)
=
∂2L
∂q˙i∂q˙j
q¨j +
∂2L
∂q˙i∂qj
q˙j (2.35)
which allows Eq. 2.34 to be rewritten as
∂2L
∂q˙i∂q˙j
q¨j +
∂2L
∂q˙i∂qj
q˙j − ∂L
∂qi
+
∂Dt
∂q˙i
= Qi (2.36)
The accelerations, q¨, experienced within the system can be calculated directly using Eq. 2.36.
The state of the system can then be advanced to the next timestep using the forward difference
method
qn+1 = qn + q˙n∆t (2.37)
and
q˙n+1 = q˙n + q¨n∆t (2.38)
2.3.5 Rotor Trim
To allow VTM simulations of helicopters to be representative of real helicopter flight condi-
tions, the rotor must adjust to control inputs and be trimmed to specified targets. The VTM
trim algorithm works by minimising the error between the predicted control values and re-
quired trim targets with the error being used to calculate the rate of change of each of the
controls. The control inputs are the collective pitch and the longitudinal and lateral cyclic
pitches so that θ = [θ0, θ1s, θ1c]. Using this approach the rate of change of the control angles
is
τ
dθ
dt
= F ? − F (t) (2.39)
where τ is a matrix of time constants, F ? is a vector of the specified target trim states and
F (t) is a vector of the current rotor states. The vector F comprises of the forces and moments
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Figure 2.7: Ground plane formed using method of images.
on the airframe or the forces, the coning angle and the flapping angles of the rotor depending
on the application. The controls are adjusted throughout a simulation with the rotor being
considered to have reached a trimmed state when F¯ = F ?, where F¯ is the long term average
of the forces and moments experienced by the rotor.
2.3.6 The Ground Plane
For the simulations presented in this dissertation, the ground plane is modelled in the VTM
using the method of images. This method involves creating a mirror image of the rotor
and its wake. The x and y components of vorticity in the mirrored wake are equal in both
strength and direction to that within the original wake. The z component, however, is equal
in strength but opposite in direction to that within the original rotor wake. This results in the
ground plane being positioned half way between the two rotors as shown in Figure 2.7. The
condition of zero flow through the ground plane is achieved using this method of images. The
normal component of the induced velocity in the wake above and the wake below the ground
plane cancel out. Using this technique the velocity induced by the vorticity in the rotor wake
and its mirror image are calculated during the same timestep thus avoiding the convergence
and ground penetration problems that can sometimes be associated with free-vortex wake
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methods [32].
One benefit of employing the method of images is the ease with which it can be im-
plemented. This method does however limit the ground plane to being a flat surface. If a
more realistic ground plane was to be modelled, where there are variations in the height of
the ground, then a more flexible approach such as a surface singularity method would be
required. It should also be noted that the method of images represents an inviscid ground
plane so that any flow features such as secondary and tertiary vortices which may be found
if the effects of viscosity were included in Eq. 2.8 and the no-slip condition on the ground
plane was implemented, are not captured using the present approach.
2.4 Summary
The governing equations and numerical methods used by the VTM to calculate the flow
field around helicopters has been presented. The vorticity produced by the rotor blades, as
calculated using the Weissinger-L version of the lifting line method, is convected through a
structured Cartesian grid. The grid is adaptive so that cells only exist where there is vorticity
present. Using a finite volume based approach, the evolution of the vorticity is calculated by
the Navier-Stokes equations in the vorticity-velocity form. The vorticity is conserved explic-
itly with the effects of numerical diffusion being limited by the use of Toro’s WAF scheme.
The computational expense incurred during each simulation is reduced by forming clusters
of grid cells on a number of grid levels and calculating the effect of the vorticity in one
cluster on the velocity in another by using the Cartesian FMM. The VTM uses a Lagrangian
dynamics method when modelling the rotor assembly so that the model is adjustable and dif-
ferent rotor configurations can be simulated with relative ease. The simulations are made to
be representative of real helicopter flight by allowing the rotor control inputs to be modified
throughout a simulation so that the rotor can be driven to a specified trim state.
Chapter 3
Verification of Ground Effect Predictions
3.1 Introduction
Before the VTM can be used with confidence to calculate the flow field around rotors in
ground effect, the ability of the code to predict the behaviour of the wake of the rotors must
first be shown. A number of flight tests and experimental investigations have been conducted
previously in which various aspects of helicopter flight in ground effect have been studied,
as outlined in Chapter 1. This previous work has provided a very useful set of data against
which the predictions from the VTM can be compared. In this chapter both qualitative and
quantitative comparisons are made between the results computed using the VTM and those
found through experimental observations. The ability of the VTM to predict accurately the
structures found within the wake of a rotor in ground effect and also the effect of the ground
on the performance of the rotor is demonstrated.
3.2 Hover
When a rotor is hovering out of ground effect, the wake generated by the rotor blades is
transported downwards and away from the rotor and thus has little effect on the operational
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performance of the rotor. In ground effect, however, the ground plane obstructs the transport
of the wake downstream of the rotor. Instead, as the wake approaches the ground plane
it turns and travels radially outwards away from the centre of the rotor. The effect of the
presence of a ground plane on the behaviour of the wake when a rotor is hovering above the
ground as predicted by the VTM is compared to experimental observations.
3.2.1 Power Required to Hover
A number of studies have been conducted in which the effect of the ground on the power
required by a hovering rotor has been investigated [12–15]. It was found that when a rotor
is hovering above a ground plane, the power required to hover at a constant thrust reduces
compared to the power that is required to hover out of ground effect. This reduction in
power is most apparent when the rotor is at a height of less than one rotor diameter above
the ground. Knight and Hefner [14] and Cooke and Fitzpatrick [53] both describe empirical
models which relate the height of the rotor above the ground to the power required to hover.
Hayden provides a comprehensive review [17] of the results obtained during flight tests and
documents the power requirements of various different helicopters hovering at a range of
different heights above the ground. In addition to this flight test data, Hayden also published
an empirical correlation describing the power variation with rotor height above the ground.
Comparing the predictions of the VTM with these empirical relationships and flight test data
allows the ability of the VTM to predict the power required by a rotor hovering IGE to be
verified.
To investigate how well the VTM predicts the power required to hover, a number of
different rotors were simulated in hover at various heights above a ground plane. The power
that was calculated was then compared to the flight test data of Hayden and to the empirical
relations of Hayden, Knight and Hefner and Cooke and Fitzpatrick. The simulations were
set up to represent the rotors of the AH-1G, CH-53E and OH-6A helicopters. A generic
five-bladed rotor which was designed to be similar to the rotor of the EH-101, and a two-
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Figure 3.1: Time history of the power required by a five-bladed rotor to hover at a constant
thrust at a height of 0.75R above a ground plane.
bladed rotor based on the rotor used in the experiments of Lee et al. [4], were also simulated.
To examine the effect of the ground on the wake generated by the rotors in hover, all five
rotors were simulated both in and out of ground effect. All the rotors were also trimmed to
a constant thrust coefficient. The VTM predicts that the power required by a rotor in ground
effect fluctuates over time. Shown in Figure 3.1 is the time history of the power required
by the five-bladed rotor as calculated using the VTM. In the simulations presented in this
dissertation, the start-up of the rotor is impulsive with the rotor operating immediately at
its specified rotational speed. The initial transients of the system caused by the start-up of
the rotor dissipate after approximately 20 rotor revolutions. The system then settles into its
long-term behaviour. A true representation of the power required by the rotor can only be
obtained once the transients have dissipated. Thus, the power requirements as calculated
using the VTM are averaged over a large enough number of rotor revolutions, after the initial
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Figure 3.2: Power required to hover IGE. VTM predictions for rotors operating at various
heights above the ground compared to flight test data and empirical correlations.
transients have settled, so that the long term average is revealed. The resulting power required
IGE is then normalised by the power required by each rotor system OGE. The time averaged
power requirements of the five different rotors, over a range of heights, as predicted using
the VTM, are shown in Figure 3.2. Individual plots of the power required by each rotor are
shown in Figure 3.3. The error bars represent the standard deviation of the power data about
the average and thus give an indication of the unsteadiness of the rotor performance. Also
presented in these figures are the empirical curves of Cooke and Fitzpatrick [53], Knight
and Hefner [14] and Hayden [17] as well as flight test data for a number of different rotors
that was documented by Hayden. The data points calculated using the VTM show the same
trend, of increasing power with height, as the empirical curves but with some scatter in the
data as the different rotors behave quite dissimilarly in some cases. The ratio of power IGE
to power OGE is approximately 0.8 at a height of around 0.7R (where R is the rotor radius).
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Figure 3.3: Power required by five different rotors to hover in ground effect over a range of
heights.
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As the height of the rotor above the ground increases, the effect of the ground on the power
requirements of the rotor decreases and the power ratio tends towards unity. Figures 3.2
and 3.3 also show there to be a variation in the extent to which the ground affects the power
requirements of different rotors. The effect of the ground on the power required by the AH-
1G rotor, as shown in 3.3 (d), appears to be less than the effect the ground has on the OH-6A
rotor, as shown in Figure 3.3 (b), particularly at the lower rotor heights. These differences in
power are due to significant differences in the structure of the wakes that are formed by each
rotor as is discussed in § 5.4.2.
The power comparison presented in this section shows the ability of the VTM to predict
the changes in power associated with rotors hovering in ground effect but also reveals that
there is a variation in the extent to which the ground affects the performance of different
rotors. This variation between rotors will be investigated in more depth in Chapter 5.
3.2.2 Velocities within the Rotor Wake
During rotor flight IGE, the wake from a hovering rotor expands rapidly as it approaches the
ground plane. An experimental investigation was conducted by Lee et al. [4] in which the
expansion of the rotor wake, when in ground effect, was studied. The associated velocities
within the wake were also examined. The experiment involved fixing a two bladed rotor,
with a radius of 86mm and chord of 19mm, at a variety of heights above a ground plane
to simulate a rotor hovering in ground effect. Flow visualisation, using mineral oil fog as a
tracer, was used to examine qualitatively the dynamics of the flow field associated with this
rotor while hovering in ground effect. To obtain quantitative information on the dynamics of
the flow field, the flow velocities below the rotor were examined using digital particle image
velocimetry (DPIV). Velocity profiles at a number of radial positions from the rotor centre
were reported.
The VTM has been used to replicate the experiment of Lee et al. and comparison of
the VTM results with those obtained through experiment allows the ability of the VTM to
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predict the velocities within the flow field to be examined. As with the experiment, the
rotor was simulated in hover at a range of heights above the ground. The rotor was trimmed
to zero pitching and rolling moments and to the same thrust coefficient as was used in the
experiment. The value of thrust used was dependent on rotor height as the power of the rotor
was kept constant over the range of heights. Quantitative verification of the capabilities of
the VTM when predicting the flow field below a rotor can be achieved by comparing velocity
data found through experiment to the velocities calculated using the VTM.
Figures 3.4 - 3.6 show the time averaged profiles of velocity, as predicted by the VTM,
compared to those obtained through experiment for a number of rotor heights above the
ground. The velocity data is shown at three different radial positions of 0.8R (Figure 3.4),
1.0R (Figure 3.5) and 1.5R (Figure 3.6). The velocities are normalised by the estimated av-
erage induced velocity through the rotor OGE (υh =
√
T/2ρA). This was done to eliminate
the effects of varying the thrust since the value of thrust to which the rotor was trimmed
varied with the height of the rotor above the ground. In general, the velocities calculated
using the VTM compare well to those obtained through experiment. The increase in velocity
associated with the radial wall jet shown by experiment, which is most obvious when the ro-
tor is higher above the ground plane, is also predicted by the VTM. The VTM does slightly
underpredict the velocities within the flow field close to the ground plane when the rotor is
at the greatest height, as seen in Figures 3.4 - 3.6 (a), and slightly overpredicts the velocities
close to the ground plane when the rotor is at a height of 0.5R and 0.25R (Figures 3.4 -
3.6 (c) and (d)). When explaining these differences in velocity between the experimental
data and that predicted by the VTM, the Reynolds number of the flow must be considered.
The slight overprediction of the data when the rotor is simulated at the lower rotor heights
could be due to the viscosity within the flow. The model rotor used in the experiment was
very small resulting in the Reynolds numbers in the flow being quite low. This suggests
that, to replicate the experiment exactly, a viscous flow field would have to modelled. The
VTM assumes the flow field to be inviscid however, as described in § 2.2. This difference
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Figure 3.4: Radial velocity
profiles at x/R = 0.8.
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Figure 3.5: Radial velocity
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means that the viscous diffusion experienced by the rotor wake in the experiment causes the
vorticity to diffuse thus weakening the velocity field more quickly than is predicted by the
VTM. Another factor to consider is the way in which the ground plane has been modelled.
The no-slip condition that would be present in the experiment is not simulated in the VTM.
Thus, the secondary vorticity that would form at the ground plane in the experiment will not
be predicted by the VTM. The lack of these additional vortical structures and thus the less
complex behaviour of the wake close to the ground as predicted by the VTM may result in
the velocities along the ground plane that are calculated using the VTM being slightly greater
in many cases than found through experiment. At the greatest rotor heights and furthest out-
board radial position the VTM is seen to underpredict the velocities within the rotor wake,
however. This may be due to the simulation having not been run long enough for the wake
to have developed fully at the outermost positions.
The discrepancies between the experimental and computational results are small however.
This comparison nevertheless shows that the VTM is capable of predicting well the velocities
within the flow field below a rotor operating in ground effect.
3.2.3 Tip Vortices
When using computational methods to predict the flow field surrounding a rotor, and particu-
larly if there is interest in simulating particle entrainment, accurate prediction of the vortical
structures found within the wake of the rotor, especially the tip vortices, must be achieved.
Results as calculated using the VTM have been compared to results obtained from experi-
mental studies to determine the ability of the VTM to predict such vortical structures within
the rotor wake and to capture their positions.
3.2.3.1 Structures Within the Rotor Wake
In the experiment conducted by Lee et al., as described in § 3.2.2, the flow field was visu-
alised using mineral oil fog as a tracer. This visualisation revealed the main features present
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(a) Smoke flow visualisation of the wake produced by a two bladed rotor
in ground effect. Image taken from Lee et al. [4]
(b) Vorticity distribution from a two bladed rotor in ground effect as
calculated using the VTM.
Figure 3.7: Comparison of the experimentally observed and VTM predicted flow field pro-
duced by a rotor hovering at one radius above the ground.
in the wake below a rotor hovering in ground effect. A qualitative verification of the com-
puted flow field can be made by comparing the wake predicted by the VTM to that observed
in the experimental flow visualisation. Snapshots of the flow fields generated in the experi-
ment and as predicted by the VTM are presented in Figure 3.7. The snapshots show the wake
on a vertical plane through the longitudinal centreline of the rotor. In both the experiment
and the computation the rotor is positioned at a height of one rotor radius above the ground.
The flow visualisation (Figure 3.7 (a)) shows that the most prominent features of the rotor
wake are the tip vortices which are trailed from the rotor blades. The presence of the ground
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plane causes these tip vortices to travel radially outwards away from the rotor as the wake
approaches the ground. Also visible are the vortex sheets inboard of the tip vortices. Exam-
ination of the snapshot of the calculated rotor wake (Figure 3.7 (b)) shows these prominent
features within the flow field also to be predicted by the VTM. As mentioned in § 3.2.2 the
viscosity of the flow may have had a considerable effect on the wake that was generated dur-
ing the experiment. Viscosity is not modelled in the VTM and, as a result, the vorticity does
not diffuse as quickly as in the experiment. Thus, in the results of the VTM, the tip vortices
exist as coherent structures for a slightly greater period of time. This preservation of vorticity
also explains why the region of more turbulent vorticity, present beyond x = 2R, predicted
by the VTM is greater in height than shown by experiment. This qualitative comparison
between the structures found within the wake of a hovering rotor through experiment and
as calculated using the VTM shows the VTM to be capable of predicting well the dominant
features in the flow field below a hovering rotor.
3.2.3.2 Vortex Trajectories
When a rotor is operating above a ground plane, the trajectory of the tip vortices differs from
the trajectory that they would follow with the rotor out of ground effect. As the tip vortices
approach the ground, the axial descent rate of the vortices decreases while the radial distance
of the vortices from the centre of the rotor increases. Further, quantitative, verification of
the flow field calculated using the VTM can be obtained by comparing its prediction of
the trajectory of the tip vortices generated by a rotor hovering IGE with experimental data
provided by Light [28]. The data collected by Light was for a full scale Lynx tail rotor
mounted above a ground plane. The distance between the rotor and the ground could be
altered which allowed the tip vortex trajectories at various ground clearances to be recorded.
The same four-bladed rotor was modelled using the VTM. The flow field produced by the
rotor positioned at the same ground clearances as were defined by Light was calculated. At
each different height above the ground the rotor was trimmed to zero disc tilt and to the same
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Figure 3.8: Wake from a VTM simulation of Light’s rotor hovering at a height above the
ground of 0.84R. Wake is sliced through the centreline of the rotor to show positioning of
the vortices.
thrust coefficient as measured during Light’s experiment. During the experiment a number
of shadowgraph images were captured at each rotor height. The positions of the vortices
on the shadowgraphs were obtained using semi-automated data reduction which allowed the
axial and radial distances to the vortex positions to be recorded. When obtaining the vortex
positions predicted by the VTM, the region of highest vorticity was selected as the centre of
the vortex. These positions were extracted from a vertical plane through the centreline of the
rotor. This somewhat subjective method of selecting the centre of the tip vortices may result
in a slight discrepancy between the experimental and computational results. Figure 3.8 shows
an example of the positioning of the tip vortices. Only half of the rotor wake is shown and
the positions of the vortices on the plane through the centreline of the rotor are highlighted.
A comparison between the experimental data collected by Light and the tip vortex po-
sitions as predicted by the VTM is shown in Figures 3.9 and 3.10. The vortex locations
extracted from the shadowgraphs are represented in the figures by small squares. It can be
seen that there is some variability in the trajectory of the vortices, particularly at older wake
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Figure 3.9: Axial locations of the tip vortices produced by a hovering rotor. (Dark circles
are data predicted by the VTM, squares are experimental data of Light.)
Wake Azimuth [deg]
R
ad
ia
l L
oc
at
io
n 
[x/
R]
0 100 200 300 400
0.7
0.8
0.9
1
1.1
1.2
(a) Rotor hovering OGE
Wake Azimuth [deg]
R
ad
ia
l L
oc
at
io
n 
[x/
R]
0 100 200 300 400
0.7
0.8
0.9
1
1.1
1.2
(b) Rotor hovering at a height
above the ground of 0.84R
Wake Azimuth [deg]
R
ad
ia
l L
oc
at
io
n 
[x/
R]
0 100 200 300 400
0.7
0.8
0.9
1
1.1
1.2
(c) Rotor hovering at a height
above the ground of 0.52R
Figure 3.10: Radial locations of the tip vortices produced by a hovering rotor. (Dark circles
are data predicted by the VTM, squares are experimental data of Light.)
ages. Thus, to investigate how well the VTM reproduces this fluctuation, the positions of the
vortices, as calculated using the VTM, are recorded for a number of different instances in
time. The vortex positions as predicted by the VTM are plotted as dark circles on top of the
experimental data. In general the VTM predicts well the trajectory of the tip vortices in both
the axial and radial directions. Examination of the axial location of the vortices shows that
the descent rate of the vortices stays constant up to a wake age of 90◦ after which time the
rate increases. The azimuthal position of this change in descent rate corresponds with the
first blade passage of the four-bladed rotor. The descent rate is then constant until approx-
imately 270◦ where, at this age, the trajectory of the vortices becomes more erratic than at
earlier wake ages. Examination of the radial trajectory of the tip vortices for the rotor IGE
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(Figure 3.10 (b) and (c)) reveals that the rotor wake contracts initially as is the case when
the rotor is OGE (Figure 3.10 (a)). However, as the vortices approach the ground, the rotor
wake expands. The VTM is shown to predict these features of the flow field and the vortex
positions correspond well to those obtained through experiment. There is, however, a slight
divergence of the computed data from the experimental data which occurs when the rotor
is at a height of 0.52R above the ground and thus is in very strong ground effect. The rate
of change of vortex position in both the axial and radial directions should be faster than is
predicted by the VTM. This is particularly true after a wake age of 100◦. A small divergence
from the experimental data is also apparent in the axial direction when the rotor is out of
ground effect. The overall results do, however, show that the VTM is capable of calculating
with reasonable accuracy the trajectory of the tip vortices when the rotor is operated either
in or out of ground effect.
3.3 Forward Flight
Up to now the effect of a ground plane on the rotor performance and behaviour of the wake
of hovering rotors has been considered. However, the presence of a ground plane can also
significantly alter the behaviour of the wakes that are generated by rotors operating at low
forward flight speeds and close to the ground. The ability of the VTM to predict changes
in wake structure and behaviour of rotors operating in ground effect can thus be examined
further by comparing the predictions of rotors simulated in forward flight to observations
made through experiment.
3.3.1 Flow Regimes
Sheridan and Wiesner [19] conducted wind tunnel experiments to examine the structure of
the wake which forms below the front of a rotor during forward flight whilst operating in
ground effect. They showed that a vortex exists which forms on the ground plane ahead of
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Figure 3.11: Schematic showing the boundaries of the recirculation and ground vortex
regimes. Positions (a), (b) and (c) correspond to the cases shown in Figure 3.12.
the rotor in low speed forward flight. This vortex was found to move gradually aft of the
rotor as the flight speed increases. A more detailed investigation was conducted by Curtiss et
al. [20] in which an isolated four-bladed model rotor was moved through still air to represent
a rotor in forward flight. They too found a vortex to form on the ground plane but described
the flow field as existing in two distinct regimes - namely the recirculation regime and the
ground vortex regime. The occurrence of these regimes was shown to be dependent on the
advance ratio of the rotor and its height above the ground, as shown in Figure 3.11. At the
lowest advance ratios the structure of the rotor wake is similar in form to that produced when
the rotor is in hover, with the wake extending out along the ground plane in all directions
around the rotor. A small increase in the advance ratio causes the extension of the wake in
front of the rotor to decrease. By increasing the advance ratio towards µ? = 0.5, the rotor
enters the recirculation regime where circulation of the wake around the front of the rotor
starts to occur. The rotor can be described as being within the ground vortex regime when,
at approximately µ? = 0.7, the wake no longer recirculates through the rotor disc but instead
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forms a horseshoe shaped vortex on the ground plane below the front of the rotor. As the
advance ratio is increased further, beyond µ? = 0.9, the ground vortex moves below and
to the aft of the rotor and subsequently is swept downstream resulting in the effect of the
ground plane on the structure of the rotor wake being considerably weakened.
To investigate the ability of the VTM to capture the dependence of the structure of the
wake on the forward speed of the rotor, simulations were run in which the experimental setup
of Curtiss et al. was replicated. The structure of the wake that forms below the front of the
rotor when operating at different advance ratios, as predicted by the VTM, is compared to
the structure of the wake as described by Curtiss et al. The rotor was simulated at heights
of 0.46R and 0.68R above the ground and over a range of thrust normalised advance ratios.
The advance ratio is normalised using the rotor inflow velocity (µ? = µ/
√
CT/2) to ensure
that the gross characteristics of the flow, e.g. the skew angle of the wake, are maintained
independently of the disc loading of the rotor. This normalisation allows the wakes produced
at the same µ∗ to be compared more directly than if the rotors were just simulated at the same
µ. Figure 3.12 shows snapshots of the vorticity distributions within the flow at three different
advance ratios with the rotor at a height above the ground of 0.68R. These particular flight
conditions are shown on the boundary plot in Figure 3.11. Figure 3.12 (a) shows the wake
geometry at a low advance ratio and reveals significant recirculation of the wake through the
front of the rotor disc. At the slightly higher advance ratio shown in Figure 3.12 (b), a much
more stable ground vortex forms below the rotor. As the advance ratio is increased further,
the ground vortex moves backwards below the rotor until it is eventually swept downstream
to yield the wake geometry shown in Figure 3.12 (c). These changes in computed wake
geometry are entirely consistent with the existence of the flow regimes that were described
by Curtiss et al., as shown in Figure 3.11, and thus show that the VTM, at least qualitatively,
reproduces the expected transition between these different flow states as the forward flight
speed of the rotor is increased.
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(a) Recirculation regime (µ? = 0.61).
(b) Ground vortex regime (µ? = 0.8).
(c) High-speed regime (µ? = 1.3).
Figure 3.12: Rotor wake geometry at various forward speeds (rotor at height of 0.68R above
ground.)
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3.3.2 Power Required in Forward Flight
The results of the previous section show that in forward flight, as the advance ratio of the
rotor is altered, the geometry of the rotor wake changes. These changes in wake geometry in
turn effect the performance of the rotor. In a previous study by Cheeseman and Bennett [16]
it was reported that, during flight in ground effect, as the advance ratio of the rotor increases,
the effect that the ground has on the power requirements of the rotor decreases. Thus, as
the advance ratio increases, the power required to maintain a constant thrust also increases.
Sheridan and Wiesner [19] also reported that the power required by a rotor to operate in
ground effect is lower than that required out of ground effect. Numerous reports have also
stated that, as the height of the rotor above the ground increases, the effect that the ground
has on the power requirements of the rotor decreases. To investigate these changes in power
required by a rotor operating in ground effect, the VTM was used to model an isolated, two-
bladed rotor, based on that studied experimentally by Lee et al. [4] as described in § 3.2.2.
The rotor was simulated at three different heights above the ground and over a range of
advance ratios. The power required to maintain a constant thrust, as calculated using the
VTM, was recorded for each flight condition and is shown in Figure 3.13. In this figure the
power required by the rotor at each advance ratio and height IGE is normalised by the power
that would be required for flight OGE at the same advance ratio. A superficial examination
of the graph reveals the expected trend: as the advance ratio is increased, the power ratio
tends towards unity as the effect of the ground reduces. The figure also shows the expected
increase in the power required by the rotor when the operating height of the rotor is increased.
The change in power with forward speed for the rotor at a height of 0.5R above the
ground is shown more clearly in Figure 3.14. The figure reveals a sudden jump in the power
between µ? = 0.2 and µ? = 0.3. As the advance ratio increases from µ? = 0.3 to µ? = 0.7
the increase in power required is small. Further increases in forward speed beyond µ? =
0.7 result in larger changes in power than the changes experienced at lower advance ratios
(between µ? = 0.3 and 0.7), and the power required IGE tends towards that required OGE.
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Figure 3.13: Relation between rotor advance ratio and height above the ground and the
power required to maintain a constant thrust, as predicted by the VTM, for the two-bladed
rotor described by Lee et al.
0 0.2 0.4 0.6 0.8 1
0.7
0.75
0.8
0.85
0.9
0.95
1
µ?
P
i
g
e
/
P
o
g
e
 
 
Figure 3.14: Plot showing the development of the power required by Lee’s rotor operating
at a height of 0.5R above the ground as the advance ratio of the rotor increases.
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To explain these more subtle changes in power required, the development of the rotor
wake, as the advance ratio increases, is shown in Figure 3.15. The figure presents the vortic-
ity distribution around the rotor. The vorticity that intersects a plane through the longitudinal
centreline of the rotor is shown. The vorticity shown has been averaged over approximately
30 rotor revolutions to reveal the dominant characteristics of the flow. When the rotor is in
hover or travelling at very low advance ratio, the power requirements of the rotor are the low-
est. The change in power with advance ratio can be explained by examining the development
of the wake, as shown in Figures 3.15, and the corresponding velocity normal to the plane of
the rotor disc, as shown in Figure 3.16. Figures 3.15 (a) to (c) show that, at the lowest speeds,
the flow field extends some distance out in front of the rotor and that there is an upwards flow
of vorticity through the centre of the rotor. This vorticity forms a large plume above the rotor
disc. Examination of the velocity component normal to the plane of the rotor disc when the
rotor is simulated at µ∗ = 0.1, shown in Figure 3.16 (a), reveals that this formation of the
plume corresponds to a positive velocity up through the centre of the rotor disc. This positive
velocity reduces the overall inflow through the rotor disc thus minimising the power required
by the rotor. As the advance ratio increases (e.g. to µ? = 0.3 as in Figure 3.15 (d)) the extent
of the wake in front of the rotor reduces. The large region of vorticity above the rotor disc
also reduces in size and streams back behind the rotor. At this advance ratio, on the region
of the disc below the plume, the upwards velocity through the rotor disc reduces compared
to that at the lower advance ratio while the downwards velocity increases (Figure 3.16 (b)).
These changes in wake behaviour and velocity through the disc correspond with the jump
in power shown in Figure 3.14. The changes in the wake behaviour with further increase in
forward speed are more subtle. The extent of the wake in front of the rotor reduces further
and forms a more compact and persistent ground vortex while the region of strong vorticity
trailed from the rear of the disc gradually moves away from the ground plane. The vorticity
that forms above the rotor disc concentrates into a smaller region and the upwards velocity
through the rear of the rotor disc reduces. As the advance ratio is increased beyond µ? = 0.7
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(a) µ? = 0.0 (b) µ? = 0.1
(c) µ? = 0.2 (d) µ? = 0.3
(e) µ? = 0.4 (f) µ? = 0.5
(g) µ? = 0.6 (h) µ? = 0.7
(i) µ? = 0.8 (j) µ? = 0.9
Figure 3.15: Development of the wake around Lee’s rotor operating at a height of 0.5R
above the ground as the advance ratio of the rotor increases.
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(a) µ? = 0.1 (b) µ? = 0.3 (c) µ? = 0.5
(d) µ? = 0.7 (e) µ? = 0.9
Figure 3.16: Velocity normal to the plane of the rotor disc as calculated by the VTM for Lee’s
rotor at a height of 0.5R above the ground. Darker contours represent positive velocity i.e.
up through the rotor disc.
(Figures 3.15 (i) & (j) and 3.16 (e)) the majority of the wake that forms above the rotor
travels back down through the rear of the rotor disc. This transport of the wake increases
the downwards component of velocity through the disc which indicates an increased inflow
through the rotor disc, compared to lower advance ratios, and thus the power required by the
rotor increases.
3.3.3 Rotor Trim
When operating a rotor in ground effect, the cyclic pitch angles required to trim the rotor
are altered compared to those required when the rotor is operating out of ground effect.
Figure 3.17 shows the lateral and longitudinal cyclic pitch angles required to trim the rotor
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(a) Lateral cyclic pitch
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(b) Longitudinal cyclic pitch
Figure 3.17: Lateral and longitudinal cyclic pitch angles for the rotor in forward flight. The
grey line represents the cyclic pitches required OGE and the black line represents the cyclic
pitches required IGE with the rotor at a height of 0.5R above the ground. Rotor trimmed to
zero pitching and rolling moments.
to zero pitching and rolling moments, when operating both in and out of ground effect, over
the range of advance ratios that were shown in Figure 3.15. Out of ground effect, as the
advance ratio of the rotor increases, there is an increase in the lateral cyclic pitch required
to counteract the upwards flapping motion of the rotor blades on the retreating side of the
disc. This upwards flapping motion is induced by rotor coning and the longitudinal inflow
gradient that develops as a result of the induced velocities of the tip vortices. An increasing
amount of longitudinal cyclic is also required to balance out the backwards flapping motion
of the blades that would otherwise result from the imbalance in lift over the advancing and
retreating sides of the disc. An example of the velocity distributions over the rotor disc when
operating OGE is given in Figure 3.18 where the overall velocity components normal to
and parallel to the disc, when the rotor is operating at µ? = 0.5, are shown. In both plots,
the velocity distribution is almost uniform and thus the required changes to the cyclic pitch
angles are determined predominantly by the velocity of the oncoming flow and the change
in the relative velocity of the blades around the rotor disc.
Unlike the cyclic pitch changes required by the rotor OGE, the changes in cyclic pitch
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(a) Component of velocity normal to rotor
disc.
(b) Component of velocity parallel to rotor
disc.
Figure 3.18: Components of velocity normal to and parallel to the rotor disc as calculated
for Lee’s rotor when operating OGE and at µ? = 0.5.
with advance ratio required IGE are not linear (Figure 3.17). Examination of the lateral
cyclic pitch reveals that the pitch required to trim the rotor IGE is, in general, less than that
required OGE. At the lowest advance ratios, the lateral cyclic pitch is affected by circulation
of the wake through the front of the rotor disc. This circulation of the wake increases the
inflow (Figure 3.16 (a) & (b)) and reduces the angle of attack of the blades around the front
of the disc. Thus, a downward flapping motion on the retreating side of the disc would result
if not counteracted by a reduction in the amount of positive lateral cyclic pitch required to
trim the rotor. As the advance ratio increases, the plume of vorticity that forms above the disc
significantly alters the flow field around the disc compared to the flow field that is generated
around the rotor OGE (Figure 3.18 (a)). As shown in Figure 3.16 (b), the upflow from the
plume moves over the rear of the disc. The greater forward speed also causes the plume to
stream back towards the rear of the rotor and results in a region towards the very back of the
disc through which the velocity of the flow is downwards. These flow patterns through the
rear of the disc are primarily responsible for the changes in the lateral cyclic pitch angles as
the advance ratio of the rotor increases. As the advance ratio increases beyond µ? = 0.5,
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a ground vortex forms below the front of the rotor. The induced velocity from this ground
vortex reduces the inflow through the front of the disc, as shown in Figure 3.16 (c) to (e).
This reduction in inflow results in an increase in the angle of attack of the blades at the front
of the disc which would cause them to flap up over the retreating side if not counteracted
by an increase in the positive lateral cyclic required to trim the rotor. However, this flapping
motion is balanced out by the upflow through the rear of the disc. This upflow increases
the angle of attack of the blades and causes them to flap up over the advancing side thus
reducing the lateral cyclic pitch required to trim the rotor to zero rolling moment. A similar
reduction in lateral cyclic pitch when operating in ground effect was reported by Sheridan
and Wiesner [19].
The increase in longitudinal cyclic pitch required to trim the rotor IGE compared to that
required OGE, as shown in Figure 3.17 (b), can be explained by examining the velocity of
the flow parallel to the plane of the rotor disc. Out of ground effect, as the advance ratio
increases, there is an increase in the longitudinal cyclic pitch required to trim the rotor due
to an imbalance in lift experienced over the advancing and retreating sides of the disc. As
shown in Figure 3.18 (b) the velocity distribution parallel to the rotor disc OGE is almost
uniform and thus this difference in lift is due to the difference in the relative velocity of
the blades as they travel around the rotor disc. A similar change in the relative velocity of
the blades around the rotor disc is experienced IGE however the difference in velocity over
the advancing side and the retreating side of the disc is exaggerated. Figure 3.19 shows the
effect of the plume and ground vortex on the velocity parallel to the plane of the disc. These
two wake structures increase the velocity over the front and rear of the disc. This increase
in velocity, compared to that experienced OGE, results in a greater difference between the
relative velocity of the blades over the advancing and retreating sides of the disc. This, in
turn, results in a greater imbalance in the lift generated by the rotor IGE compared to the lift
OGE and thus a larger longitudinal cyclic pitch is required to trim the rotor.
The results presented in this section show that the behaviour of the rotor wake in ground
3.4. Summary 79
(a) µ? = 0.1 (b) µ? = 0.3 (c) µ? = 0.5
(d) µ? = 0.7 (e) µ? = 0.9
Figure 3.19: Overall velocity parallel to the plane of the rotor disc as calculated by the
VTM for Lee’s rotor at a height of 0.5R above the ground. Positive velocity is towards rear
of rotor disc.
effect during forward flight is very complex. The VTM has been shown, however, not only to
be capable of predicting the expected changes in rotor wake geometry during forward flight,
but also to capture changes in both the power requirements of a rotor and cyclic pitch angles
required to trim the rotor while operating in ground effect.
3.4 Summary
By comparison with flight test and experimentally obtained data, it has been shown that
the VTM is capable of predicting well the features associated with rotor flight close to the
ground in both hover and forward flight. Qualitative comparisons have been presented which
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highlight the ability of the VTM to predict the very detailed structures within the rotor wake.
The verification was augmented by using available quantitative experimental data to allow
the accuracy of the VTM in predicting both the trajectory of the tip vortices below a rotor
hovering above a ground plane and the induced velocities within the wake to be investigated
more rigorously. Good agreement between the computed and experimental data is found
in both comparisons. Further results have shown that the VTM is capable of capturing the
changes in power required by rotors when operating in ground effect but it has been revealed
that the amount by which the power requirements change appears to be rotor dependent. The
simulation of rotors in forward flight has shown that the VTM captures well the changes in
the structure of the rotor wake that were described previously from experimental observa-
tions. The results from both the hover and the forward flight simulations provide confidence
in the ability of the VTM to predict accurately the wake of a rotor when operating in ground
effect which is essential for the correct modelling of brownout.
Chapter 4
Particle Transport Model
4.1 Introduction
When helicopters are operated at low speeds and close to the ground in dusty or snowy
environments, there is a high possibility that the aircraft will suffer from the potentially dan-
gerous condition known as brownout or whiteout. This condition occurs when particles of
dust or snow are entrained by the rotor wake into the air flow surrounding the helicopter. Un-
der certain flight conditions this entrainment can cause the pilot’s view to become obscured,
and this may result in a loss of situational awareness. To allow the VTM to simulate these
conditions and to be able to predict the behaviour of the clouds of particles that can become
entrained into the flow field, a model for the entrainment of the particles and transport within
the air flow has been integrated into the VTM. This dissertation focuses on the evolution of
dust clouds produced by helicopters in desert environments, thus, the particle entrainment
and transport models that are integrated into the VTM are models which describe the be-
haviour of particles of dust. To simulate snowy environments, the entrainment model which
determines how many particles enter the flow field would have to be modified to be repre-
sentative of snow rather than dust. In this chapter the entrainment and transport models, used
to simulate transport of particles within the flow field, is described.
4.2. Entrainment and Transport Models 82
4.2 Entrainment and Transport Models
When simulating the transport of particles within the flow field around a helicopter, there are
two different methods that can be used. The first is a Lagrangian based approach in which
the trajectory of individual particles are modelled, as described by Keller et al. [31]. In this
approach, the dynamics of a large number of individual dust particles is tracked as they are
carried along in the flow. The properties of the resultant dust cloud are then inferred from this
representative set of particles. If an accurate measure of the dust density within the flow field
is to be obtained then a very large number of particles need to be modelled thus resulting in
this approach becoming very computationally expensive. The second method, and that which
is adopted within the VTM, is to model the transport of particulates using an Eulerian based
approach. In this method the dynamics of the particle distribution in the flow surrounding
the helicopter is modelled directly, and the dust density distribution is evolved through time
using suitable transport equations. This Eulerian formulation allows a particle transport
model to be run alongside the VTM without excessive additional computational expense.
The initial entrainment of the dust from the ground plane into the flow field is modelled
using semi-empirical methods taken from the field of sedimentology. In this section the
Eulerian based method of calculating particle transport is described as are the processes
through which the dust is entrained into, and settles out of, the flow field.
4.2.1 Particle Transport
In the Lagrangian frame of reference, the dynamics of a single particle (with mass m) is
given by Newton’s second law
m
dvp
dt
= F (4.1)
where F is the force applied to the particle and υp is the velocity of the particle. If gravity
and aerodynamic drag are assumed to be the dominant forces on the particle, then Rayleigh’s
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expression
F (u) = −1
2
ρ|u|upid
2
4
CD +mg (4.2)
provides a good approximation to the force experienced by the particle when aerodynamic
lift is not a significant contributor. The diameter of the particle is d, and u = υp − υ is the
particle velocity υp relative to the air velocity υ. The drag coefficient CD of the particle is
generally a function of u (i.e. of the particle Reynolds number Re). When simulating the
dust clouds that form around helicopters, the particle sizes of interest are in the range where
Stokes’ law holds. Thus, taking Stokes’ well known expression for the drag of a sphere
moving through a viscous fluid and including the force due to gravity, the overall force on a
particle can be described by
F (u) = −3piρνud+mg (4.3)
Combining this with Eq. 4.2 results in CD = 24/Re for very small particles.
The most robust approach to deriving the equation that governs the transport of a large
number of suspended particles in the ground or helicopter-fixed Eulerian frame of reference,
results from adopting the formalism of classical statistical mechanics. Let the spectrum of
particles within the flow be defined by some variable ς representing the ‘species’ of any
particle as distinguished by its mass, size or other relevant physical characteristics. Define
the particle probability density function as Φ(x, v, ς, t) so that Φ(x, v, ς, t)∆x∆v∆ς is the
probability of finding a particle of species within the range ∆ς containing ς , travelling with
velocity within the range ∆v containing v, within the region of space ∆x surrounding x at
time t. As such, the probability density function Φ can be considered as a time-parameterised
scalar function on the multi-dimensional phase space σ with coordinates (x, v, ς). Assume
that the particles are sufficiently dilute once they are suspended within the air for collisions
to be rare (so that the forces associated with collisions do not need to be accounted for) and
so that the reaction of the particles on the air can be neglected. Assume also that the particles
do not break up or merge so that the species distribution of the particles does not change with
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(a) Schematic of Newton’s second law expressed
in terms of the trajectory of a single particle on
the particle phase space σ.
(b) Schematic of Newton’s law expressed in terms
of the evolution of the probability density function
Φ on the particle phase space σ.
Figure 4.1: Representation of Newton’s law in terms of (a) a single particle and (b) the
evolution of the probability density function Φ on the particle phase space.
time. Newton’s second law can then be expressed in terms of the evolution of the particle
probability density function as
Φ(x+ v∆t, v + F∆t/m, ς, t+∆t) = Φ(x, v, ς, t) (4.4)
where F (x, v,m) is the force experienced by a particle with mass m(ς) and velocity v trav-
elling through the point x and is therefore given by Eq. 4.1. This evolution of the probability
density function by Newton’s second law is represented in the phase space σ as shown in
Figure 4.1. Figure 4.1 (a) shows the evolution of a single particle in the flow field while
Figure 4.1 (b) shows the evolution of the probability density function for an ensemble of
such particles. It can be seen that changes in the location of the particle in the spatial (x)
dimensions of phase space are due to the fluid velocity whereas changes in the location of
the particle in the velocity (v) dimensions are due to the force on the particles. Using Taylor
series, and considering that both x and v are vectorial in nature, expansion of Eq. 4.4 reduces
to the Liouville equation, in the infinitesimal limit ∆t→ dt,
(∂/∂t+ v · ∇x + F/m · ∇v)Φ(x, v, ς, t) = 0 (4.5)
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Figure 4.2: Representation of the particle phase space showing a slice, parallel to the ve-
locity dimensions, on which, over short periods of time, the change in Φ in the spatial (x)
dimension can be assumed negligible in comparison to the change in Φ in the velocity (υ)
dimension.
For the purposes of predicting brownout, the assumption is then made that the evolution of
the particle distribution is governed by two physical processes that have highly disparate
timescales. Specifically, it is assumed that the convective motion of the particles as they are
carried along by the air flow is slow compared to the accelerations of the particles in response
to any imbalance in the forces acting upon them, or, in other words, if u˙ 6= 0, u˙À υ˙ no matter
what the acceleration of the flow υ˙. Given the structure of Eqs. 4.2 and 4.3 this assumption
implies that the particles will remain in near equilibrium under the action of the aerodynamic
forces that are generated by the particle as they move relative to the air (i.e. the dynamics
of any individual particle is such that the net force F acting on any particle remains small).
This near equilibrium assumption is justified later in the context of the typical particle sizes
involved in creating the dust cloud that is responsible for brownout.
Over short periods of time, this assumption allows any changes in the particle probability
density in the spatial dimensions of phase space, due to convection of the flow, to be assumed
negligible in comparison to the changes in the velocity dimensions, that are due to the force
on the particle (Figure 4.2). In the Eulerian frame of reference, the assumption of near
equilibrium thus allows Eq. 4.5 to be factored into a ‘fast’ equation residing on the velocity
4.2. Entrainment and Transport Models 86
(a) The initial particle probability density function on
a slice parallel to the velocity dimensions of phase
space will be spread out. Individual particle trajecto-
ries are governed by Newton’s second law.
(b) As time proceeds, the particle probability density
function, as governed by Eq. 4.6, concentrates more
closely on the fluid velocity.
Figure 4.3: Schematic showing the evolution of the particle probability density function on
the velocity dimensions of phase space. Through time, the particles concentrate on the flow
velocity due to any imbalance in the forces acting on them.
dimensions of σ, which accounts for the effect of the forces acting on the particles:
(∂/∂t+ F/m · ∇v)Φ(x, v, ς, t) = 0 (4.6)
and a ‘slow’ equation residing on the spatial dimensions of σ, where the spatial convection
of the probability density function is governed by the flow velocity:
(∂/∂t+ v · ∇x)Φ(x, v, ς, t) = 0 (4.7)
To obtain a solution to the fast equation, the evolution of the particle probability density
function in the velocity dimensions of the particle phase space, as represented by Figure 4.3,
is considered. The evolution in this three-dimensional space is dependent on the force im-
balance experienced by the particles, and on considering aerodynamic drag models of the
form of Eq. 4.2 the force imbalance can be seen to reduce as the particle velocity approaches
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the fluid velocity. The solution to the fast equation is thus a particle probability density
function that concentrates ever more closely on the equilibrium Lagrangian particle velocity
υp = υ − υg as time proceeds. That is, as t → ∞,Φ(x, v, ς, t) → 0 for all v 6= υp . This
equilibrium velocity can be defined by first considering the movement of a particle as de-
scribed in a Lagrangian sense. Exact equilibrium of the particle is attained when the forces
experienced by it become zero, i.e. from Eq. 4.3,
−3piρν(υp − υ)d+mg = 0 (4.8)
Substitution for the mass of the particle allows Eq. 4.8 to be rewritten as
υp − υ = gd
2ρs
18νρ
(4.9)
The right hand side of the expression is Stokes’ settling velocity of a particle falling through
a viscous fluid under the action of gravity. The particle equilibrium velocity can then be
written as υp = υ − υg, where υg is the ‘fallout velocity’ of the particle due to gravity. The
solution to the fast equation can be returned to the full phase space σ by reintroducing the
spatial dimensions x and using the slow equation to represent the convection of the particles.
Given any function ψ(x, v, ς, t) defined on the particle phase space, the projection opera-
tor Π, from phase space to physical space, can be defined by
Πψ(x,Σ, t) =
∫ ∞
−∞
∫ ς+
ς−
ψ(x, v, ς, t)dςdv (4.10)
where Σ = [ς−, ..., ς, ..., ς+] is the band within which the species of interest exists. Thus the
number density of particles at point x in the flow with a species within the band Σ can be
obtained from the particle probability density function as
ρp(x,Σ, t) = ΠΦ (4.11)
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Applying the projection operator to the slow component, Eq. 4.7, of the Liouville equation
gives
Π
(
∂
∂t
+ v · ∇x
)
Φ = 0 (4.12)
which, since Π is linear, can be expanded as
∂
∂t
ΠΦ+ Π(v · ∇xΦ) = 0 (4.13)
From Eq. 4.11 the first term in this expression is simply ∂ρp/∂t . By the Midpoint Theorem
the second term can be written as
v¯ · ∇xΠΦ+ Π(v′ · ∇xΦ) (4.14)
which then reduces to
v¯ · ∇xρp +Π(v′ · ∇xΦ) (4.15)
where the species-dependent ensemble velocity
v¯(Σ) =
Π(Φv)
ΠΦ
(4.16)
Given the structure of the solution to the fast component of the Liouville equation, for a
system of particles close to equilibrium, the Lagrangian equilibrium velocity, υp(Σ), for the
particles with species ς is a very good approximation to v¯(Σ). This allows the first term of
Eq. 4.15 to be interpreted as representing the convection of the particle distribution by the
air flow under conditions of force equilibrium. Figure 4.4 represents the trajectory of the
particle distribution at the equilibrium fluid velocity as calculated using the slow equation.
Figure 4.4 (a) shows slices parallel to the velocity dimensions of the particle phase space, on
which the changes in Φ in the spatial dimensions can be assumed negligible. On these slices
the particle probability density function moves towards the equilibrium velocity as governed
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(a) Slices parallel to the velocity dimensions of the
particle phase space, in which changes in x are
assumed negligible, showing the probability density
function to concentrate on the equilibrium velocity.
In the spatial dimensions of the particle phase space
the particle probability density function convects at
the flow velocity.
(b) Schematic snapshot at a particular instant of the
probability density function when the system is in
equilibrium. A representation of the effect of non-
equilibrium of the system is also shown.
Figure 4.4: Schematics showing the trajectory of the particle distribution at the equilibrium
flow velocity as calculated using the slow equation.
by the fast equation, Eq. 4.6 as described earlier. Also shown is the trajectory of the particle
distribution through the phase space at the flow velocity as determined by the slow equation.
A snapshot of the resultant distribution of the probability density function when the system
is in equilibrium is shown in Figure 4.4 (b). The broadening of Φ about the fluid velocity due
to non-equilibrium of the system is also represented. The transport due to non-equilibrium
i.e. due to scatter of particle velocities about their equilibrium values, is represented by the
second, ‘residual’ term in Eq. 4.15. This second term can be modelled in various ways.
For instance, if a symmetric distribution of velocities about the equilibrium is assumed, then
this term can be represented as an isotropic diffusion term νp∇2xρp (but where the diffusion
coefficient is species dependent, i.e. νp = νp(Σ)). Alternatively, a more sophisticated non-
isotropic model can be adopted to capture the skew of the particle velocity distribution about
the equilibrium, for instance by including a dependence on vorticity gradients in the flow to
model centrifugal spin-out of particles from vortex cores.
Thus the transport equation for the particulates within the species band Σ can be written
4.2. Entrainment and Transport Models 90
as
∂
∂t
ρp + (υ + υg) · ∇xρp = Sp + νp∇2xρp + other non-equilibrium terms (4.17)
where the source term Sp(Σ) is introduced to allow the addition of particulates into the
flow by entrainment from the ground. The assumption of the absence of collisions between
particles allows any significant variations in the physical properties of the particulate matter
within the flow to be accommodated by grouping the particulates into a number of species
bands Σ1, ...,ΣN and solving an independent transport equation for each band.
4.2.2 Equilibrium
For the particle transport equations to yield an adequate description of the movement of the
particulates within the flow field while the helicopter is subject to brownout conditions, the
principal underlying assumption of the analysis, namely that the airborne particulates exist in
a state of near equilibrium with the aerodynamic and gravitational forces acting upon them,
must be justified. This can be done as follows. Newton’s equation, Eq. 4.1, can be redefined
in terms of the relative velocity u between the fluid and the particle as
u˙− F (u)/m = −υ˙ (4.18)
Consider the special case in the absence of gravity, so that particle force equilibrium is
achieved when u = 0. If the force on the particle is given by Stokes’ drag law
F (u) = 6piρν
d
2
u (4.19)
then Eq. 4.18 can be rewritten as
u˙− 3piρνud
m
= −υ˙ (4.20)
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Figure 4.5: Particle drag to mass ratios for various sizes of particles commonly encountered
in the desert environment.
When the particle velocity is close to the fluid velocity, the relative velocity u is small.
Considering the limiting case where the velocity of the particle relative to the fluid remains
constant i.e. u˙ = 0, then
u = υ˙/Γ (4.21)
is a solution to Eq. 4.18, where the particle ‘drag to mass ratio’
Γ = 18
ρ
ρs
ν
d2
(4.22)
The relative local deviation of the particle dynamics from equilibrium is thus small if u is
small relative to υ, in other words if Γ À |υ˙|/|υ|, that is, if the drag to mass ratio of the
particles is large compared to the local acceleration of the flow (scaled by the local velocity
of the flow) in the Lagrangian, or particle, frame of reference.
Figure 4.5 shows typical values for the particle drag to mass ratio Γ (assuming the particle
drag to be given by Stokes’ law - note that this model underestimates the aerodynamic drag
of large particles) as a function of the particle size parameter ρsd2 for the variety of different
particle types that might compose the ground surface below the helicopter when operating in
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(a)
(b)
Figure 4.6: Snap-shots of the instantaneous flow properties on a vertical slice through the
centreline of an isolated rotor flying at 0.68R above the ground at an advance ratio of 0.05
(CT = 0.0048). (a) Contour plot of vorticity magnitude, showing the rotor to be in the
ground vortex regime. (b) Plot showing the resultant distribution of the Lagrangian acceler-
ation parameter |υ˙|/|υ| in the rotor wake (data scaled for a Blackhawk-sized aircraft).
dusty conditions.
For comparison, Figure 4.6 shows a typical distribution of the Lagrangian acceleration
parameter |υ˙|/|υ| within the flow in the wake below an isolated helicopter rotor operating
in strong ground effect, as predicted using the VTM. In this example the rotor is flying 0.68
radii above the ground at an advance ratio of 0.05. The data is scaled to be representative
of a helicopter in the same size class as a UH-60 Blackhawk. The Lagrangian acceleration
parameter is calculated from the Eulerian velocity distribution in the flow surrounding the
helicopter according to the equivalence υ˙ = ∂υ/∂t+ υ · ∇υ. It is important to bear in mind
when analysing this figure that the finite resolution of the computation, results in any local
maxima in the Lagrangian acceleration parameter being under-estimated. Any non-resolved
finer structures in the flow will contribute significantly to the local acceleration through the
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term υ · ∇υ.
Comparing Figures 4.5 and 4.6 shows that the question of the validity of the Eulerian
transport equations derived earlier as a model for particulate transport in the helicopter flow
field needs to be approached with some care. For given local flow conditions, the assumption
of near-equilibrium becomes increasingly valid the smaller and lighter the particulate matter.
The analysis of particulate transport using the Eulerian approach presented earlier, even when
corrected for non-equilibrium effects by addition of suitable terms to the transport equation,
would be somewhat questionable throughout the rotor flow field when the behaviour of large
objects such as pebbles, rocks and other debris is important - such as might be encountered
in the analysis of helicopter-induced damage and erosion for instance. In these cases, the
traditional approach through calculation of the Lagrangian dynamics of individual particles
within the flow is likely to remain the most reliable and efficient. Similarly the analysis for
particles with intermediate size (e.g. sand) is likely to prove satisfactory only if augmented
by terms, as described earlier, representing the non-equilibrium behaviour of the particles.
Much anecdotal evidence suggests though that the principal composition of the brownout
cloud is extremely fine, powder-like particulate matter. For this application, the comparison
presented here suggests that, for realistic helicopter weights and sizes, the near-equilibrium
assumption, and hence the analysis of the brownout problem using the particulate transport
equations derived earlier, remains well-founded throughout most of the flow surrounding the
helicopter - with perhaps the exception being near the cores of the individual vortices that
constitute the rotor wake, and very close to the rotor itself.
4.2.3 Entrainment from Ground
In order to model the transport of particulates within the flow field surrounding a helicopter,
the particulates must first be introduced to the flow. This is done by means of the source
term Sp in the particle transport equation which accounts for the entrainment of particles
from the ground into the airflow. In the context of brownout modelling, the model for the
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source term provides essentially a ‘sublayer’-type description that captures the essence of
the complex physics that takes place within the few inches of fluid just above the ground. In
much the same fashion as a boundary layer model matches the viscous, possibly turbulent
characteristics of the flow near the surface to a simplified model that approximates the fluid
behaviour away from the surface, the model for the particle source Sp is used to represent
the effect of the physics in the sublayer on the dynamics of the particulate distribution in the
flow away from the surface. In particular, within the sublayer, the particulate density can
be high and the collisions between particles may assume fundamental importance - in direct
variance with the assumption made earlier in deriving the particle transport equations.
According to Bagnold [54], entrainment of dust into the air takes place only if the velocity
of the air just above the ground surface exceeds the minimum, or threshold, velocity required
to initiate particle motion along the surface. The larger particles then roll and hop along the
ground in a motion called ‘saltation’, and the impact of these saltating particles with the
surface causes further particles to be ejected. Instead of returning to the surface, though, the
smallest ejected particles become suspended within the flow field above the ground.
Within the helicopter context, the best approach to modelling the initial entrainment of
dust from the ground plane into the air is still open to question. To date, published work in-
vestigating particle entrainment and the formation of dust clouds in the context of helicopter
operations has been limited, thus, the models used to describe the entrainment process are
taken from the field of aeolian sedimentology. These models are based around the idea of a
threshold velocity on the ground plane. In the context of sedimentology, the flow velocities
along the ground can be described as uniform whereas, in the helicopter context, the pres-
ence of tip vortices makes the flow along the ground distinctly nonuniform. However, recent
investigations [3,5] that have examined the entrainment of particles into the wakes of model
rotors have revealed very similar behaviour to that obtained using the numerical approach
that has been adopted for the work presented in this dissertation, as shown in § 4.4.
In any case the physics of particle entrainment from the ground into the flow is very
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complex. Direct modelling of the dynamics of saltating particles is well beyond the current
state of the art, but there exists a number of empirical models for the saltation process that
are able to take into account various factors such as surface roughness, soil moisture and
soil crusting. Models of this complexity may be useful in capturing the detailed behaviour
of the ground surface in specific geographical areas, but in the present work a simpler semi-
empirical model [55],
υt =
1
κ
√√√√a1(ρs
ρ
gd+
a2
ρd
)
(4.23)
that represents the threshold velocity for flow over dry, loose soil surfaces is used. On the
basis of wind tunnel measurements by Lu and Shao [55], the coefficients a1 and a2 are ap-
proximately 0.0123 and 3× 10−4 kgs−2 respectively. The factor κ accounts for the presence
of surface roughness elements and their effect on the threshold velocity as described by
Raupach et al. [56]. Many different roughness elements can be present in an actual desert
environment but to simplify the model only one type is considered in the calculations pre-
sented in this dissertation. It is assumed simply that there are fragments of rock present that
armour the surface and inhibit the entrainment of particulates into the flow. According to
MacKinnon et al. [57], the value of κ for this type of surface is 0.44. d is the diameter of
the saltating particles which Zender et al. [58] state are sand sized and therefore d > 60µm.
For simplicity, the results presented in this dissertation were generated after adopting a sin-
gle representative value of saltating particle diameter d = 70µm which, according to Yin
et al. [59], has a density ρs = 2650kgm−3 for typical desert conditions where the particles
are primarily composed of silica. Hence a uniform threshold velocity over the entire ground
surface is assumed.
The overall source of particulate matter into the flow is dependent on the flux of saltating
particles along the ground. The saltation or horizontal particle flux, Q, is determined using
the theory of White [60] where the horizontal particle flux is related to the flow velocity υ
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just above the surface by
Q = Ecv3
ρ
g
(
1− υt
υ
)(
1 +
υ2t
υ2
)
(4.24)
where υt is the threshold velocity calculated from Eq. 4.23. Empirically, c = 0.261, and E is
the ratio of erodible to total surface area, taken for simplicity to be unity in the calculations
presented in this dissertation.
The particle flux from the surface into the airflow above the surface then consists of those
dust particles that are released by the saltation process and remain in suspension in the air
above the ground. The amount of dust that is released into suspension is dependent on the
number of very small sized particles present within the erodible surface. Marticorena and
Bergametti [61] suggest for instance that the ratio of the particle flux into the air to the
saltation flux is dependent in the percentage of clay within the surface. In the current model,
the empirical relationship
Sp = Qe
13.4f−6.0 (4.25)
described in Ref. [61] is used to relate the source Sp of particulate matter into the flow to the
saltation flux. This relationship applies for erodible surfaces with clay fractions f less than
0.2; all results presented in this dissertation were generated using f = 0.1.
4.2.4 Fallout Model
The fallout velocity υg in Eq. 4.17 accounts for the tendency of the suspended particulate
matter to settle out from the flow under the influence of gravity. Referring again to Zender
et al. [58], the size of particles which become entrained into, and suspended within, the flow
are those which are clay-sized (d < 2.5µm) and silt-sized (2.5 < d < 60µm). Reference [2]
presents data, obtained during flight tests, on the composition of the dust clouds produced by
helicopters in desert conditions. During the flight tests a number of different helicopters were
flown over a dusty surface and the dust that became entrained into the air was collected at
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various stationary points on the ground. The particle sizes reported by Zender et al. compare
well to the size of the particles collected during the flight tests, where the greatest number
of particles, in terms of the number of particles in suspension within the dust clouds, were
those with a diameter less than 50µm.
The model that was used to calculate the fallout velocity for the calculations presented
in this dissertation is based on the work by Cheng [62] which extends Stokes’ solution for
the settling velocity of spherical particles to the case where the particle Reynolds number is
greater than one. The dimensionless particle diameter, d?, is first defined as
d? = d
(
gb
ν2
)(1/3)
(4.26)
where b = (ρs − ρ)/ρ and d is the diameter of the particles for which the fallout velocity is
to be calculated. The fallout velocity of the particles is then given by
υg =
ν
d
(√
25 + 1.2d2? − 5
)1.5
(4.27)
For all the results presented in this dissertation, the particle diameter used when calculat-
ing the fallout velocity is 2µm. This particle size is representative of some of the smallest
particles that become suspended within the flow field. By selecting this value for the di-
ameter of the particles, the density of the dust cloud that is predicted by the VTM will be
greater than if the particles were assumed to be larger, as smaller particles tend to remain
suspended within the flow for greater lengths of time than larger particles. The difference in
the dust clouds produced by the helicopter rotor when the particles that become suspended
in the flow field are modelled as different sized particles is shown in Figure 4.7. The dust
density distribution in the flow field around a rotor hovering in ground effect, as calculated
for two different diameters of the suspended particles, is shown. Figure 4.7 (a) shows the
contours of the dust density distribution, averaged over approximately 30 rotor revolutions,
that are produced when the particle diameter used for calculating the fallout velocity is set to
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(a) Particle diameter d = 2µm
(b) Particle diameter d = 20µm
Figure 4.7: Comparison of the dust density distributions which result from calculating the
particle fallout velocity using two different particle diameters. Rotor from a CH-53E mod-
elled in hover at a height of 1.274R above the ground.
d = 2µm (the same as the diameter used for all the simulations presented elsewhere within
this dissertation), while, for Figure 4.7 (b), d = 20µm. The darker contours represent higher
dust densities and thus it is shown that the higher dust densities, in the region around the
rotor, are produced when the smaller particle size is modelled. Although there is a difference
in the density of the dust clouds that are generated, qualitatively the results are very similar.
This difference in the detail of the dust distribution is of interest if simulating the distribution
around an actual helicopter system. The composition of the dust on the ground plane below
the helicopter and the size of the particles that become suspended within the flow must of
course be known if an accurate prediction of the density of dust within the cloud produced
by a specific helicopter under specific conditions is required. The particle entrainment and
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fallout models used within the VTM can be tuned to specific site conditions but this is con-
trary to the intention of the research presented in this dissertation. The research presented in
this dissertation focuses on the more fundamental questions of particle entrainment in an at-
tempt to understand the underlying physics that governs the formation of dust clouds around
helicopters rather than attempting to replicate specifics of the brownout phenomenon that
is generated by any particular rotor system at any particular geographic location and hence
representative properties of the particles are used.
4.3 Computational Implementation
When implementing the particle transport model, it is important that any extra computational
expense required to run the VTM together with the particle transport model is kept to a min-
imum. On comparing the mathematical form of the vorticity transport equation, Eq. 2.8,
and the particle transport equation, Eq. 4.17, it can be seen that there are obvious algebraic
similarities between them. Both equations (when taken at face value) represent the passive
advection of some quantity by a background velocity field, and allow for a localised source
of the advected quantity. In the case of the vorticity transport equation an additional stretch-
ing term appears simply to account for the fact that the advected quantity (the vorticity) is
fundamentally vectorial in nature rather than scalar as in the case of the particulate density.
The similarity in structure between the two transport equations allows the procedure that is
used within the VTM to calculate the evolution of the vorticity within the flow simply to
be generalised slightly if the combined evolution of the flow and particulate density is to
be calculated. For the combined particulate-vorticity transport model, define the vector of
conserved variables Ω(x, t) = (ω, ρ1p, ..., ρ
N
p ) where ρ
i
p(x, t) is the local density of particles
in species band Σi at time t. The object-oriented structure of the VTM allows the augmented
vector Ω of conserved variables simply to be defined as a generalised form of the vector
of conserved quantities ω that is used by the original, fluid-only version of the code. The
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VTM uses an operator-splitting approach, as described in § 2.3.2.1, to evolve the equations
of motion for the coupled system. The source of Ω into the computational domain is first
calculated by evolving the equation
∂
∂t
Ω = S (4.28)
over time ∆t, using the initial condition Ω(x, t) to yield the intermediate solution Ω∗(x).
The combined particulate/vorticity source S = (Sω, S1p , ..., S
N
p ) is constructed using the
appropriate physical model for each component. The advection equation
∂
∂t
Ω + V · ∇Ω = 0 (4.29)
is then advanced through ∆t, using Ω∗ as initial condition, to yield the revised intermediate
solution Ω∗∗. The advection velocity V = (υ, υ+ υg), and the operator a · ∇b is over-loaded
so that (a, b) · ∇(c, d) ≡ (a · ∇c, b · ∇d). This part of the calculation is performed using
Toro’s Weighted Average Flux method, as described earlier, which allows tight control to be
maintained over any spurious diffusion of vorticity or particulate density from cell to cell as
a result of numerical truncation errors.
Finally the vorticity distribution is corrected for the effect of stretching by advancing the
solution to
∂
∂t
ω − ω · ∇υ = 0 (4.30)
through ∆t using Runge-Kutta integration, and initial conditions ω∗∗, to obtain the solution
ω∗∗∗. The vector (ω∗∗∗, ρ1∗∗s , ρ
N∗∗
s ) is then a second order accurate approximation to Ω(x, t+
∆t) as long as Ω∗ and Ω∗∗ are both second order accurate approximations to the solutions of
their own differential equations. The process is then repeated for subsequent timesteps. The
similarity of this approach to that used by the fluid-only version of the VTM can be assessed
by comparing this sequence of operations to that described in § 2.3.2.1.
In the calculations presented in this dissertation, no non-equilibrium processes were ac-
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counted for but these could be included in the calculation through an additional computa-
tional step that has similar form to that used to evolve the solution to Eq. 4.28.
4.4 Verification of the Particle Transport Model
Before the particle transport model can be used with any degree of confidence, the dust den-
sity distribution as predicted by the VTM must first be compared to available experimental
data to show that the results from the VTM are realistic and accurate. To date, limited ex-
perimental data has been published against which the ability of the VTM to predict the dust
distribution around a helicopter is desert conditions can be compared. There is, however,
data available in the open literature from a flight test conducted in the 1960s in which a
Piasecki H-21 was hovered above a dusty surface [1]. During the flight test, dust that was
entrained and transported within the flow field was collected at a number of sampling sta-
tions mounted at various positions on the aircraft. This flight test was replicated using the
VTM to investigate whether the dust distribution as calculated by the VTM resembled that
generated during the flight test. The comparison is hindered to a significant extent because
the flight test data was somewhat limited and specification of the composition of the sur-
face, to the level required for accurate characterisation of the entrainment of dust, was not
available. The tandem rotor configuration of the aircraft was simulated, but the fuselage of
the helicopter was not represented. Figure 4.8 shows a comparison between the dust con-
centrations measured during the flight test and those calculated using the VTM. The mass
of dust collected at sampler stations positioned along the length of the starboard side of the
fuselage during the flight test was used to determine the concentration of dust within the flow
field which is shown in the figure. The density of dust as predicted by the VTM at the same
positions as the sampler stations is also shown.
To investigate the effect of the diameter of the suspended particles, and thus fallout ve-
locity, on the dust distributions that were calculated, two separate simulations, one with a
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Figure 4.8: Dust concentration along the length of the fuselage of a Piasecki H-21 collected
during the flight tests described by Rodgers [1], compared to that calculated using the VTM.
suspended particle diameter of 2µm and another with 20µm were conducted. The distribu-
tion of dust along the length of the fuselage as calculated using the VTM is similar to that
determined from the flight test with the maximum concentration, for the particle diameter
of 2µm, occurring at much the same position. The difference between the maximum and
minimum dust concentrations is, however, somewhat larger than the difference in the data
from the flight test. When the size of the particles that were simulated is increased there is
a significant decrease in the maximum dust concentration that is calculated. The behaviour
of the dust once in the flow is thus shown to depend strongly on the particle diameter as the
larger the size of the suspended particles the greater the fallout velocity. Thus larger parti-
cles will settle out of the flow more quickly than smaller particles. The amount of dust that
is initially entrained into the flow field is also very sensitive to particle size and to the model
that is used to represent the entrainment of dust from the ground plane. As the flight test was
not conducted in a controlled environment, it is likely that a wide range of particle sizes were
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present in the soil. To compute the dust concentrations accurately, the particles sizes used
when calculating the threshold velocity of the particles that are on the ground plane and when
calculating the fallout velocity of the particles that are suspended within the flow, would have
to be adjusted until the required spectrum of dust concentration is achieved. Thus, to obtain a
true understanding of the ability of different computational models to predict the distribution
of dust within the flow field around a rotor, a controlled experiment must be conducted in
which the particles are all of a known diameter. The properties of the particles used in such
an experiment could then be specified directly in the computational models. Comparison
of the predictions of the density of dust within the flow field around the rotor with results
from the experiment would thus allow the ability of the computational models to predict ac-
curately the phenomenon of brownout to be established. Experiments to this level of rigour
have however still to be attempted.
When investigating the formation of the dust cloud in the flow field around a rotor, if the
focus is on understanding the general physics that govern the particle entrainment and trans-
port processes then matching the global characteristics of the cloud is of greater interest than
predicting accurately the spectrum of dust density. A recent experimental study was carried
out at the University of Glasgow [3] in which the global characteristics of the dust cloud
generated by a rotor were examined. This experiment has provided data against which the
dust distributions, as predicted by the VTM, can be compared. This comparison has allowed
greater confidence in the predictions of the VTM to be gained. The experiment involved
placing fine particles on the floor of a wind tunnel below a small model rotor to simulate
the dynamics of the dust particles that would be entrained into the flow around a rotor in a
brownout situation. Although the exact sizes of the particles were not known, this wind tun-
nel experiment focused on a very small region of the flow field and provided insight into the
behaviour of the dust along the ground plane and transport of this dust once entrained into
the flow. The motion of the particles as they were transported through the flow surrounding
the rotor was recorded using high-speed photography. Figures 4.9 (a) and (b) show typical
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(a) (b)
Figure 4.9: Snapshots showing the particulate distribution around a rotor during wind tun-
nel simulations of brownout [3]. Blade tip visible at middle left. (a) Image showing the
recirculation of fine particulates through the front of the disc and the existence of a well-
defined ‘separation zone’ above the ground plane. (b) Image showing the escape of a cloud
of particles from the main recirculatory flow.
Figure 4.10: VTM-predicted particulate density distribution on a vertical slice through the
rotor centreline under the same flight conditions as Fig. 4.9, showing qualitatively the same
features as the experiment.
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snapshots of the particle distribution in front of the model rotor when it was placed at one ra-
dius above the ground and the tunnel speed was set to represent a thrust-normalised advance
ratio of 0.65. For comparison, Figure 4.10 shows a representative snapshot of the particle
density distribution in front of the rotor that is predicted by the VTM under similar flight
conditions. The experiment reveals a wedge-shaped area in the flow some distance upstream
of the rotor, termed the ‘separation zone’ by Nathan and Green [3], in which the particle
density is very high as a result of the existence of a flow stagnation line in the mean flow
on the surface below. The process governing the build-up of dust in this area is described as
‘sediment trapping’ by Johnson, Leishman and Sydney [5]. Figure 4.10 shows the location
and size of this zone to be represented well by the VTM. Figure 4.9 (a) shows a significant
proportion of the suspended particulate matter to be recirculated through the front of the ro-
tor disc under the operating conditions of the experiment, but Figure 4.9 (b), captured at a
later time during the same experiment, shows that clouds of particles that do not recirculate
through the rotor are also ejected sporadically from the separation zone. Figure 4.10 shows
both these characteristic features of the dynamics of the dust cloud surrounding the rotor to
be captured by the VTM.
The ability of the VTM to predict the behaviour of the particles of dust when a rotor
wake interacts with a ground plane is illustrated further by Figures 4.11 and 4.12. Figure 4.11
shows numerically generated vorticity and dust density distributions produced using a higher
resolution grid than was used for Figure 4.10 while Figure 4.12 shows a snapshot of the dust
distribution from the experiment described above. This comparison between numerical and
experimental dust distributions reveals that, qualitatively at least, the VTM reproduces the
key features within the flow. The rotor tip vortices are shown, in both the numerical and
experimental images, to travel along the ground plane with a small wedge shaped zone of
dust forming in front of each individual vortex as a result of the local increase in velocity
and subsequent turning of the flow away from the ground plane. This comparison suggests
that, although there may be some controversy over how applicable models from the field
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(a) Contours of vorticity distribution
(b) Contours of dust density distribution
Figure 4.11: Vorticity and corresponding dust density distributions in the flow field below a
rotor in ground effect as predicted using the VTM.
Figure 4.12: Snapshot showing the effect of the tip vortices on the particle distribution along
the ground plane. Image from wind tunnel experiment conducted by Nathan and Green [3].
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of sedimentology are in the helicopter context, the empirical models used to describe the
entrainment of particles from the ground plane, as outlined in § 4.2.3, may well be capable
of representing the physics of particle entrainment and transport in the context of helicopter
brownout.
Although a more quantitative verification of the numerical approach awaits further refine-
ment of the experimental technique, the good qualitative agreement between the particulate
density distribution that are predicted by the VTM and the distribution of particulates that
were observed in this simple experiment suggests that the VTM is capable of producing cred-
ible simulations of the evolution of the dust cloud surrounding the helicopter under brownout
conditions.
4.5 Summary
Modification of the VTM has allowed the calculation of particle entrainment and transport
for the simulation of helicopter operations in brownout conditions. The assumptions made
when employing an Eulerian based approach to model the particle transport have been shown
to be justified for the smallest particle sizes. The majority of the particles found in the dust
clouds produced by helicopters are of these smaller sizes. The initial entrainment of particles
from the ground plane into the flow field surrounding the helicopter involves very complex
physics. This process is modelled using semi-empirical methods taken from the field of
sedimentology. A threshold velocity must be reached before the saltation of larger particles
across the ground is initiated. The saltation of larger particles releases smaller particles from
the ground which then become suspended within the flow. Once in the flow field, these
small particles are transported with the flow. An additional fallout velocity is introduced
when calculating the trajectory of the particles to account for the effects of gravitational
settling. Initial qualitative comparisons with experimental simulations and basic quantitative
comparisons with flight test data provide confidence in the predictions of the VTM.
Chapter 5
Variation of Wake Structure with Rotor
Configuration
5.1 Introduction
When helicopters are operated in close proximity to the ground, the presence of the ground
plane can influence the geometry of the wake that is generated by the rotor. Out of ground
effect, the wake is transported downstream and away from the rotor. In ground effect, how-
ever, when at low enough forward speeds, the ground plane impedes the transport of the
wake below the rotor. The changes in wake structure that occur, as described by Curtiss et
al. [20] and discussed in § 3.3.1, can often result in the rotor operating within its own wake.
When examining the wake geometries that are generated by different rotors in ground effect,
although each wake is composed of vorticity that is shed and trailed from the blades, the
overall structure of the wake that forms appears, from the calculations performed during the
course of this study, to be rotor dependent. Presented in this chapter are results from an in-
vestigation into how the configuration of the rotor influences the geometry of the wake that is
produced and how the changes in wake geometry, in turn, effect the development of the dust
cloud that results. Presented first is a comparison of the geometry of the wakes produced
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by a number of isolated rotors hovering at various heights above the ground. These rotor
systems differ in terms of their number of blades, the twist of the blades of the rotors and the
thrust coefficient to which the rotor is trimmed. Also presented is a comparison between the
wake generated by a single rotor helicopter and that generated by a tandem rotor helicopter.
Data regarding the number of helicopter accidents encountered by the US Army as a direct
result of brownout [63,64] suggests that helicopters with rotors in a tandem configuration
are more susceptible to brownout than single rotor helicopters. The comparison between the
two configurations is done to determine whether this difference between single rotor heli-
copters and tandem rotor helicopters is due to the behaviour of the rotor wake rather than
the operational procedures of the helicopters. For the comparison both systems are trimmed
to the same overall thrust coefficient. The connection between the rotor wake and the dust
cloud that is generated is then established. Finally, the dust clouds generated by the generic
single rotor and tandem rotor configurations are compared to determine whether the tandem
configuration is indeed more prone to inducing the brownout condition.
5.2 Effect of Grid Resolution
The formation and development of the dust cloud around a helicopter is strongly linked to the
dynamics of the flow field surrounding the helicopter as is discussed in § 5.5.3. To determine
to what extent the grid resolution of the calculations conducted using the VTM affects the
detail captured in both the rotor wake and dust distribution, a comparison is made between
two simulations run with different grid resolutions – one for a rotor in forward flight and one
for a rotor in hover. Figures 5.1 and 5.2 show instantaneous snapshots of the vorticity and
dust density distributions in the flow field around a rotor in forward flight calculated when the
resolution of the grid is set to 20 and then to 40 cells per rotor radius. The figure shows the
distributions on a plane that intersects the longitudinal centreline of the rotor. The rotor that
was modelled was that used in the experiment of Lee et al. [4] as described in § 3.2.2. The
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(a) Resolution of 20 cells per blade radius. (b) Resolution of 40 cells per blade radius.
Figure 5.1: Comparison of snapshots of the instantaneous vorticity distribution in the wake
of Lee’s [4] rotor during forward flight calculated using different grid resolutions.
(a) Resolution of 20 cells per blade radius. (b) Resolution of 40 cells per blade radius.
Figure 5.2: Comparison of snapshots of the instantaneous dust density distribution in the
flow field around Lee’s rotor during forward flight calculated using different grid resolutions.
rotor was simulated at a height above the ground of 0.5R and at a forward speed µ? = 0.4.
Examination of the snapshots of the vorticity distribution calculated at each grid reso-
lution, shown in Figure 5.1, reveals that, in both cases, the wake travels down below the
leading edge of the rotor and extends out along the ground plane in front of the rotor to ap-
proximately x/R = −2. As expected however, at the higher grid resolution there is greater
resolution of the individual tip vortices than when the vorticity distribution is calculated at
the lower grid resolution. Figure 5.2 shows this to result in a difference in the dust density
distribution that is calculated by the VTM using the two different grid resolutions. At both
resolutions there is large build-up of dust which forms at approximately x/R = −2 where
the radial velocity of the tip vortices is no longer great enough to penetrate any further into
the oncoming flow. Once in the flow field, the dust in transported back inwards towards the
rotor disc. At the higher resolution, the small scale structures of dust that form around the in-
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(a) Resolution of 20 cells per blade radius. (b) Resolution of 40 cells per blade radius.
Figure 5.3: Comparison of the average vorticity distribution in the wake of Lee’s rotor
during forward flight calculated using different grid resolutions.
(a) Resolution of 20 cells per blade radius. (b) Resolution of 40 cells per blade radius.
Figure 5.4: Comparison of the average dust density distribution in the flow field around
Lee’s rotor during forward flight calculated using different grid resolutions.
dividual tip vortices are resolved, whereas at the lower resolution these small scale structures
are not shown.
Although the instantaneous snapshots of the flow field that were calculated using the two
different grid resolutions appear quite different, by averaging the distributions over a number
of revolutions it is revealed that the overall behaviour of the wake is very similar, as shown
in Figures 5.3 and 5.4. The vorticity distribution that is calculated at each resolution shows
the wake to travel down from the leading edge of the rotor and to form a vortical structure
that extends out to approximately -2R along the ground plane below the front of the rotor.
The strength of the averaged vorticity which extends down from the rotor is however slightly
greater at the higher resolution. Close examination of the averaged dust distributions, shown
in Figure 5.4, reveals that, although the size and geometry of the dust clouds calculated
at the two different resolutions appear very similar, there is in fact a significant difference
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between the density of dust contained within the clouds. At the higher resolution, the density
of dust is much greater than at the lower resolution. This difference is a result of the non-
linear relationship between the induced velocity along the ground plane and the amount of
dust that becomes entrained into the flow, as shown by Eq. 4.24. Thus, as the individual
tip vortices are better resolved at the higher grid resolution, and as each individual vortex
induces a velocity field around itself, as these vortices travel along the ground plane they
entrain more dust than is predicted at the lower resolution. As the work in this dissertation
focuses on understanding the general characteristics of the formation of the dust cloud, and
not on predicting accurately the spectrum of dust around any particular rotor, the fact that
each individual vortex entrains a small region of dust is of more interest than the increase in
the density of the dust cloud that forms as a result.
The vorticity and dust density distributions as predicted by the VTM to be generated by
the rotor of an OH-6A when in hover are shown in Figures 5.5 and 5.6. These figures show
iso-surfaces of the vorticity and dust distributions around the rotor when hovering at a height
of 1.5R above the ground. As with the forward flight simulations, a comparison of the dis-
tributions that are calculated when the resolution of the grid is set to 20 and to 40 cells per
rotor radius is shown in each figure. These instantaneous snapshots of the distributions are
extracted once the rotor wake has settled into its long-term behaviour. To reveal the inter-
nal details of the flow field, the distributions have been sectioned through the longitudinal
centreline of the rotor.
Examination of the vorticity distributions generated by the VTM at the different grid res-
olutions, shown in Figure 5.5, reveals that, at both resolutions, the wake tube is predicted
to stream down from the rotor disc before turning and travelling radially outwards as it ap-
proaches the ground plane. The figures do, however, show there to be a significant difference
in the detailed structure of the rotor wake that is predicted by the VTM when run at the dif-
ferent grid resolutions. At the higher resolution (Figure 5.5 (b)), the individual tip vortices
that are trailed from the rotor blades are resolved. As these vortices travel across the ground,
5.2. Effect of Grid Resolution 113
(a) Resolution of 20 cells per blade radius. (b) Resolution of 40 cells per blade radius.
Figure 5.5: Comparison of the vorticity distribution in the wake of an OH-6A rotor in hover
calculated using different grid resolutions.
(a) Resolution of 20 cells per blade radius. (b) Resolution of 40 cells per blade radius.
Figure 5.6: Comparison of the dust density distribution in the flow field around an OH-6A
rotor in hover calculated using different grid resolutions.
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instability in the wake causes them to break down into a large number of small scale struc-
tures. At the lower resolution (Figure 5.5 (a)) the finer scale features of the individual tip
vortices are not resolved as the wake streams down from the rotor. It is also apparent that,
as the wake extends along the ground plane, the breakdown of the vortical structures formed
by the tip vortices does not result in such a large number of small scale structures.
The effect that the change in grid resolution has on the dust distribution that is generated
by the rotor is shown in Figure 5.6. As with the vorticity, the main features of the distributions
are the same in that there is a build-up of dust below the centre of the rotor and a large cloud
that forms close to the tips of the rotor blades. At the furthest reaches of the dust cloud
a separation zone (described in more detail in § 5.5.3), where the dust density is highest,
forms. This build-up of dust occurs where the radial velocity of the tip vortices is no longer
great enough to allow them to extend any further out into the flow field. The dust from the
separation zone is then transported within the flow field by the induced velocities within the
wake and travels back inwards towards the rotor.
As with the flow field generated during forward flight, the instantaneous snapshots of the
flow field generated in hover, that were calculated by the VTM when the resolution of the grid
was set to 20 and separately to 40 cells per rotor radius, in particular the vorticity distribution,
appear quite different. By averaging the distributions over a number of revolutions however,
it is revealed that the overall behaviour of the wake is very similar, as shown in Figures 5.7
and 5.8. The calculation conducted at each resolution shows the vorticity within the flow
field to travel down towards the ground plane then radially away from the rotor. It can also
be seen that the extent of the wake along the ground plane is very similar at both resolutions
with the iso-surface of vorticity shown here extending to approximately 2.5R from the centre
of the rotor. There is still, however, some difference in the number of smaller scale vortical
structures that are resolved at each resolution. The averaged dust distributions shown in
Figure 5.8 are perhaps somewhat misleading in that there appears to be more dust present
within the flow field in the simulation at the lower resolution compared to the forward flight
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(a) Resolution of 20 cells per blade radius. (b) Resolution of 40 cells per blade radius.
Figure 5.7: Comparison of the average vorticity distribution in the wake of an OH-6A rotor
in hover calculated using different grid resolutions.
(a) Resolution of 20 cells per blade radius. (b) Resolution of 40 cells per blade radius.
Figure 5.8: Comparison of the average dust density distribution in the flow field around an
OH-6A rotor in hover calculated using different grid resolutions.
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simulation where more dust was generated at the higher resolution. In forward flight the
increase in dust was a result of the individual tip vortices being resolved. In hover, however,
the increase in dust is the result of the infinite supply of dust on the ground plane. The
calculation at lower resolution takes a greater number of rotor revolutions for the wake to
settle into its long term behaviour. Thus, to ensure that the long term behaviour of the wake is
captured, the average must be taken using the dust distribution generated at rotor revolutions
which occur later in the simulation. As there is no limit to the amount of dust that can be
sourced from the ground in the current model, in hover the dust continues to accumulate
within the flow field as the simulation progresses. Thus, at later revolutions there is more
dust within the flow field surrounding the rotor. A comparison of the dust distributions at
the two grid resolutions does however show that the behaviour of the dust in both cases is
comparable. The separation zone forms at a similar location and, once in the flow field, the
dust is transported in towards the rotor and circulates through the rotor disc.
Examining the effect of the grid resolution on the vorticity and dust distributions that are
calculated in forward flight and in hover has revealed that, although at the lower resolution
the wake may take longer, in terms of rotor revolutions, to reach its long term behaviour,
the main, large scale features of the distributions are similar to the features revealed by
the calculation run at the higher resolution. When conducting simulations, if the focus is
primarily on examining the overall formation of the wake and dust distribution, for example
those generated by a single rotor and a tandem rotor helicopter, and resolving only the gross
features of the flow is sufficient, then a lower grid resolution may be used. If, however,
there is interest in simulating the individual tip vortices and in generating the wake in more
detail, then a higher grid resolution is obviously required. There is, however, a trade off
between grid resolution and computational time. For this reason, the majority of the results
presented in this dissertation were calculated using a grid resolution of 40 cells per rotor
radius but, given the extra computational time required to calculate fuselage interactions, the
simulations which include a fuselage were calculated using 20 cells per rotor radius. Care
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must however be taken when comparing the dust distributions generated by different rotors
at different grid resolutions. It has been shown that the main structures of the distributions
are the same at different grid resolutions but the details differ. In light of the aims of the
research in this dissertation, where the focus is on understanding the physics that governs the
entrainment of dust, as long as the main structures within the distribution are predicted then
the differences in the detail are not as important. It should also be noted that, as discussed in
§ 4.4, the amount of dust suspended within the flow field depends very much on the particle
characteristics and the entrainment models used and hence will also affect the details of the
dust distributions. Care must also be taken when examining the dust distributions generated
by different hovering rotors. It must be ensured that the rotor revolutions over which the data
is examined is consistent for each rotor simulation.
5.3 Averaging the Flow Fields
In ground effect, the wakes generated by rotors can be highly unsteady – particularly when
the rotor is operating at very low forward speeds. This unsteadiness can result in one snap-
shot of the vorticity field at a particular instant looking very different to another snapshot
taken a short time later. Throughout the remainder of this dissertation the vorticity and dust
distributions generated by different rotors are compared. This poses a problem in how best
to present such unsteady flow fields. To overcome this problem the average of a series of in-
stantaneous snapshots of the wake is often plotted instead of plotting the individual snapshots
themselves. The number of snapshots used to generate the average is large enough to reveal
the persistent features of the flow whilst the more unsteady structures weaken. In all cases,
where an averaged plot is shown, the snapshots used to generate the average were taken far
enough into the simulation to allow the initial transients of the system to have dissipated.
Figure 5.9 shows an example of an averaged flow field in comparison to an instantaneous
snapshot. Three-dimensional images of the vorticity and dust density distributions found
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(a) Instantaneous vorticity distribution (b) Vorticity distribution averaged over 40 rotor rev-
olutions
(c) Instantaneous dust density distribution (d) Dust density distribution averaged over 40 rotor
revolutions
Figure 5.9: Vorticity and dust distributions in the flow below a tandem rotor helicopter at
µ? = 0.29 (µ = 0.025). Darker contours represent higher values of the variable within each
plot.
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in the flow field around the front of a tandem rotor configuration at an advance ratio of
µ? = 0.29 are presented. The fuselage of a generic tandem rotor helicopter is shown in Fig-
ure 5.9 (c) solely to give clarity to the positioning of the rotors. The distributions have been
sectioned through the longitudinal centreline of the helicopter to reveal the internal details
of the flow field. Parts (a) and (c) of the figure show the rather disordered structure of the
instantaneous vorticity and dust distributions whereas the mean distributions reveal the more
persistent features of the flow field. The averaged distributions contain two types of feature,
namely persistent features and intermittent features. For example, one such persistent feature
is the circulation of vorticity around the leading edge of the front rotor as highlighted in Fig-
ure 5.9 (b). The position and geometry of a persistent feature appear very similar in almost
all of the snapshots included in the average and the strength of these features is similar in
strength to the equivalent structure in the snapshots.
Also revealed by the averaging are intermittent features where the structure is more a
gross representation of the flow in a particular region and may not necessarily be resembled
exactly in any one snapshot. An example of one such intermittent feature is the wide band
of dust travelling up from the separation zone in Figure 5.9 (d). When comparing the dust
density in this region to the density in the equivalent region in the snapshot, it is revealed that
the band of dust in the snapshot is much narrower than that in the average. This suggests that
the path of the dust through this region differs slightly between snapshots whilst the overall
structure remains fairly constant. Thus the size of the intermittent feature in the average
will be larger than the structure found in the same region of any one of the snapshots. The
strength of the intermittent feature will also be weaker than any individual structure as the
strength will be spread over the region by the averaging process.
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5.4 Wakes Generated by Hovering Rotors
As shown in § 3.2.1, when a rotor hovers above a ground plane, the effect of the ground on
the power required by the rotor reduces with increasing height until, at approximately 2R,
the rotor is effectively out of ground effect. However, it was also shown that the effect of the
ground on the power required by the rotor is dependent on its geometry. To determine why
there is this difference between the behaviour of different rotor geometries, the flow fields
which form around a variety of rotors while hovering at a range of heights above a ground
plane are examined and presented.
5.4.1 Models Used
To investigate the variation in wake geometries produced by different rotors when hovering
in ground effect, the VTM has been used to simulate five different rotor systems. The rotors
that were simulated were the same five that were used in the investigation of power required
to hover described in § 3.2.1. These rotors are those of the CH-53E, OH-6A, AH-1G, a five
bladed rotor based on that of the EH-101, and the rotor used in the experiment of Lee et al. [4]
as described in § 3.2.2. The main parameters of each rotor system are given in Table 5.1.
Each rotor was simulated at various different heights above the ground, ranging from 0.5R
to 1.5R, to investigate how ground clearance affects the development of the wake. The thrust
coefficient to which each rotor system was trimmed, except for that described by Lee et al.,
is specified in Table 5.1. These values were held constant over the range of heights. In the
experiment of Lee et al. the thrust of the rotor was dependent on the height of the rotor
above the ground. Thus, in each individual simulation the rotor was trimmed to the thrust
coefficient of the experimental system.
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Lee et al. CH-53E OH-6A AH-1G 5-bladed
R(m) 0.086 12.04 4.013 6.706 9.296
c(m) 0.019 0.744 0.172 0.686 0.724
Nb 2 7 4 2 5
Twist (◦) 0 20 8 10 8
Root cutout/R 0.15 0.27 0.2 0.2 0.25
ΩR(ms−1) 27.02 223.11 203 227.38 208.23
σ 0.141 0.138 0.055 0.0651 0.124
CT 0.013-0.019 0.0072 0.00419 0.00464 0.012
Table 5.1: Rotor parameters of the five rotor systems used to investigate differences in wake
geometries.
5.4.2 Wake Characteristics
When considering the wake below a rotor hovering in ground effect, most views of the flow
field that have been presented in the literature show the wake to extend radially outwards
away from the centre of the rotor as it impinges on the ground plane. This is seen in the
results from the study conducted by Lee et al., as described in Chapter 3 and the correspond-
ing simulation of the same rotor using the VTM (Figure 3.7). However, the results presented
in this section show the wakes generated by a number of different rotors when hovering in
ground effect, and suggest that the structure of the wake can in fact be very different to the
structure that is typically presented. Although there are very few published experimental
studies which detail the structure of the wake below a variety of hovering rotors, the simula-
tions of the VTM suggest that differences in wake structure may be one of the key factors in
explaining why the performance, and brownout characteristics, of different rotors can be so
different.
The results presented in this section have been averaged over a number of instantaneous
snapshots to reveal the most persistent features within each rotor wake, as discussed in § 5.3.
Figures 5.10 to 5.14 show the averaged vorticity distributions in the flow field around each
rotor when simulated at various heights above the ground. Simulation of each individual
rotor system reveals clear differences in the structure of the wake. The wake that the VTM
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predicts to be generated by Lee’s rotor is shown in Figure 5.10. The figure reveals that
the structure of the wake remains similar when the height of the rotor is altered. The tip
vortices generated by the rotor blades travel down from the rotor towards the ground plane
before they turn and travel radially outwards as they approach the ground. Interpretation
of the averaged plots would suggest that this initial trajectory of the tip vortices could be
described as a persistent feature of the flow. At approximately 1.5 radii away from the centre
of the rotor the trajectory of the tip vortices becomes more unsteady. This region would be
described as containing intermittent features as the structures within the flow are the same
but follow a different path at different instances in time.
As shown in Figure 5.11, the wake generated by the rotor of the AH-1G is similar in
structure to that generated by the rotor used by Lee et al. The wake generated by the rotor of
the CH-53E (Figure 5.12) appears, however, to be different and shows the wake to transition
between two very different structures as the rotor height changes. At the greatest rotor height
of 1.5R, the wake is similar in nature to that of the previous rotors, at the lower heights
however, the structure of the wake changes. When the rotor is at a height above the ground
of 1.5R the tip vortices stream down from the rotor towards the ground plane before moving
radially outwards away from the rotor. At the lower rotor heights of 0.82R and 0.68R, the
transport of the tip vortices along the ground plane and away from the rotor does not occur.
Instead, it would appear that, at these lower rotor heights, the wake transitions to form a
different structure where the tip vortices have a tendency to recirculate in the region below
the edge of the rotor disc rather than to travel out along the ground plane. A similar transition
of the wake structure with rotor height is found when examining the vorticity distribution
around the rotor of the OH-6A (Figure 5.13). At the greatest rotor height, the tip vortices
travel downwards and away from the rotor. At the lower heights, as with the CH-53E rotor,
the tip vortices appear to stay within close proximity to the rotor disc. With the OH-6A,
however, the vortices form a small, recirculating region around the tips of the rotor blades
rather than extending further down into the flow below the rotor disc as with the rotor of the
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(a) Rotor height = 1.5R above the ground.
(b) Rotor height = 1R above the ground.
(c) Rotor height = 0.5R above the ground.
Figure 5.10: Vorticity distribution around the rotor described by Lee et al. [4] hovering at
various heights above the ground.
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(a) Rotor height = 1.5R above the ground.
(b) Rotor height = 1.274R above the ground.
(c) Rotor height = 0.82R above the ground.
Figure 5.11: Vorticity distribution around an AH-1G rotor at various heights above the
ground. Height of rotor when wheels are on the ground is 0.562R.
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(a) Rotor height = 1.5R above the ground.
(b) Rotor height = 0.82R above the ground.
(c) Rotor height = 0.68R above the ground.
Figure 5.12: Vorticity distribution around a CH-53E rotor at various heights above the
ground. Height of rotor when wheels are on the ground is 0.68R.
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(a) Rotor height = 1.5R above the ground.
(b) Rotor = 1.012R above the ground.
(c) Rotor height = 0.65R above the ground.
Figure 5.13: Vorticity distribution around an OH-6A rotor at various heights above the
ground. Height of rotor when wheels are on the ground is 0.65R.
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CH-53E.
The final rotor that was simulated, namely the generic five-bladed rotor, generates a vor-
ticity distribution in which the predominant behaviour of the flow involves the tip vortices
recirculating around the rotor blade tips regardless of the height of the rotor above the ground
plane, as shown in Figure 5.14. These differences in the structure of the wakes that are gen-
erated by the various rotors appear to originate from instabilities in the wake filaments that
occur very early on in the simulations. A similar breakdown in the structure of the wake is
experienced when a rotor operates within the vortex ring state, as described by Ahlin and
Brown [65]. Examination of the first few rotor revolutions reveals that the vorticity distribu-
tions from all five rotors are initially very similar. In all cases the tip vortices move away from
the rotor disc and travel down towards the ground plane before turning and travelling radially
away from the rotor. However, within the first 20 revolutions, an instability in the trajectory
of the tip vortices can develop. This instability results in the very different wake structures
described above. To show the development of these different wake structures, snapshots of
the wake generated by the OH-6A rotor hovering at heights of 1.012R and 1.5R above the
ground are shown in Figure 5.15. The snapshots are taken from the first 25 rotor revolutions
of the simulation. The initial development of the wake generated by the rotor at the two
different heights is similar, as shown in Figure 5.15 (a). As the calculation proceeds, the
radial trajectory of the tip vortices as they approach the ground continues indefinitely when
the rotor is simulated at the greater height. At the lower height, however, after approximately
16 rotor revolutions, this trajectory breaks down and the tip vortices travel back up towards
the rotor and circulate in the region around the tips of the blades. This difference in the
development of the wakes can be seen in Figure 5.15 (b) to (d). A similar breakdown of the
initial flow structure is also found in the wake of the five-bladed rotor but this occurs at all
the rotor heights that were simulated. Although the precise cause of this wake instability
is still to be fully determined, the differences in the root vortex system of the rotor that are
experienced when the rotor is operated in close proximity to a ground plane, combined with
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(a) Rotor height = 1.5R
(b) Rotor height = 1R
(c) Rotor height = 0.5R
Figure 5.14: Vorticity distribution around the generic five-bladed rotor.
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(a) t=14.2 revs t=12.2 revs
(b) t=18.2 revs t=16.2 revs
(c) t=22.2 revs t=20.2 revs
(d) t=26.2 revs t=24.2 revs
Figure 5.15: Difference between early wake development of the OH-6A rotor when simulated
at two different heights above the ground. Vorticity distribution around the rotor at height
above the ground of 1.5R shown on the left and 1.012R on the right.
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changes in the velocity distribution within the wake, are most likely the reason why some
rotors develop the instability while others do not.
The predictions of the VTM have shown clear differences to exist in the structure of the
wakes generated by different rotors when hovering in ground effect. There are, however,
no published experimental studies available in which the wake structures of different hov-
ering rotors are examined. It would therefore be very worthwhile if such an experimental
verification of the different wake structures, as described above, was conducted and made
available.
5.5 Comparison of Single Rotor
and Tandem Rotor Configurations
Anecdotal evidence suggests that, when carrying out a landing manoeuvre in desert condi-
tions, helicopters with a tandem rotor configuration generate a dust cloud that is much larger
and more difficult to see through than that which is produced by a typical single main rotor
helicopter. The tandem rotor Chinook was involved in 30% of all brownout accidents in-
curred by the US Army between 2002 and 2005 yet operations involving the aircraft made
up only 7% of the total helicopter flight hours [63, 64]. Thus, to investigate the effects of he-
licopter configuration on the structure of the wake that is generated, and the size and density
of the dust cloud that forms around the helicopter, a comparison between the rotor wakes and
dust distributions that are generated by a helicopter with a single main rotor and a helicopter
with rotors in a tandem configuration has been conducted. Both generic tandem and single
rotor configurations have been simulated at a number of advance ratios to be representative
of a helicopter approaching a landing. The differences between the wakes generated by the
two helicopter configurations are examined and the link between the rotor wake, induced
velocity along the ground and dust entrainment is established. To determine whether he-
licopters in a tandem rotor configuration are indeed more prone to inducing brownout, the
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(a) Single main rotor configuration. (b) Tandem rotor configuration.
Figure 5.16: Simulated helicopter geometries.
clouds that are generated by the two rotor configurations over a range of advance ratios are
then presented.
5.5.1 Model Setup
Two generic helicopter configurations were modelled, the first comprised of a single four-
bladed rotor and the second with two three-bladed rotors located one behind the other. For
the comparison of the dust distributions generated by the two configurations, presented in
§ 5.5.4, a fuselage was also simulated in each case as shown in Figure 5.16. The investigation
focused on identifying the differences in wake geometries and dust distributions produced
by the two configurations, thus it was required that the strength of the rotor wake produced
in both cases was comparable. The two configurations were defined with the same rotor
diameter and overall blade area, and both configurations were trimmed to an overall thrust
coefficient of 0.0145. The systems thus have the same blade loading and thus should produce
wakes of very similar strength. To be representative of helicopters during the late stages of
a landing manoeuvre, both rotor configurations were simulated with a nose-up pitch attitude
of 15◦. To account for the centre of gravity of the aircraft being located towards the rear of
the helicopter, the rear rotor of the tandem helicopter was trimmed to a slightly higher disc
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loading than the front rotor. The rotors of both systems were modelled with articulated blades
and trimmed to zero pitching and rolling moments about the hub. This is perhaps unrealis-
tic in the case of the tandem rotor where a more authentic setup would require the yawing
moment, experienced when the two rotors are operating at different thrust coefficients, to
be trimmed out. However, only a very small overall yawing moment is experienced by the
system when the two rotors are trimmed individually. The rotor blades all had a linear twist
of 8◦. The height of the rotors above the ground and the pitch attitude of the rotors was kept
constant throughout the simulations. This is also perhaps somewhat unrealistic when con-
sidering the approach of a real helicopter to landing. However, by considering the flow fields
produced by the rotors over a number of different advance ratios (µ? = 0.8, 0.47, 0.29, 0.12),
this method does give some insight into the characteristics of the dust clouds that may be
produced by helicopters during landing manoeuvres.
5.5.2 Wake Structure
The role of the flow field below the helicopter in establishing the dust cloud that forms around
the rotor under brownout conditions can best be understood by analysing the aerodynamics of
isolated rotors in ground effect and the resultant particle dynamics. For this comparison the
fuselage was not simulated so as to avoid complicating the interpretation of the flow field that
is produced by the rotors. The flow produced by the two rotor configurations, as described
in § 5.5.1, were simulated to examine the differences in the wakes that are generated by the
two systems.
Figure 5.17 shows the vorticity distribution within the wake of the single rotor configu-
ration at four different advance ratios ranging from µ? = 0.8 to 0.12 to represent the rotor
performing a landing manoeuvre while Figure 5.18 shows the vorticity distribution within
the wake of the tandem rotor configuration at the same flight conditions as those at which
the single rotor was simulated. In these figures the vorticity magnitude on a vertical slice
through the longitudinal centreline of the system has been plotted after averaging the vor-
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(a) µ? = 0.8 (µ = 0.0681)
(b) µ? = 0.47 (µ = 0.04)
(c) µ? = 0.29 (µ = 0.025)
(d) µ? = 0.12 (µ = 0.01)
Figure 5.17: Vorticity distribution in the
flow below a single rotor helicopter at a
range of reducing advance ratios. Darker
contours represent higher values of vor-
ticity within each plot.
(a) µ? = 0.8 (µ = 0.0681)
(b) µ? = 0.47 (µ = 0.04)
(c) µ? = 0.29 (µ = 0.025)
(d) µ? = 0.12 (µ = 0.01)
Figure 5.18: Vorticity distribution in the
flow below a tandem rotor helicopter at a
range of reducing advance ratios. Darker
contours represent higher values of vor-
ticity within each plot.
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ticity distribution over approximately 40 revolutions. If the fuselage were present, its nose
would be located at x = 0R.
Examination of the wake generated by the single rotor reveals that, as the advance ratio
reduces, the extent of the wake in the region around the front of the rotor increases. At the
greatest advance ratio of µ? = 0.8 (Figure 5.17 (a)) a very small but steady ground vortex
forms below the leading edge of the rotor. According to Curtiss et al. [20], an isolated rotor
with zero disc tilt would be operating well within the ground vortex regime at this forward
speed. It would appear, however, that the tilt of the rotor in the simulation causes the vortex to
be very compact and the rotor to be, in fact, operating close to what has been described as the
high speed regime. As the advance ratio is reduced, the wake that is generated forms a strong
vortex below the leading edge of the rotor. At µ? = 0.47 a rotor with zero disc tilt would
be operating near the lower bound of the recirculation regime, with the disc tilt however, the
rotor appears to be operating well within the recirculation regime. With further reduction in
forward speed, the wake below the front of the rotor becomes less persistent. The extension
of the wake along the ground plane ahead of the rotor increases and the coherent vortical
structures that are visible at faster speeds are no longer apparent.
The vorticity distribution in the flow field surrounding the tandem rotor system is some-
what different to that generated by the single rotor. The tandem rotor was simulated at the
same four advance ratios as the single rotor configuration. The vorticity distribution that
forms within the flow field is shown in Figure 5.18. At the highest advance ratio, a ground
vortex type structure forms similar to that produced by the single rotor. In comparison to the
wake generated by the single rotor where the ground vortex forms below the leading edge of
the rotor, the ground vortex generated by the tandem rotors is positioned below the leading
edge of the rear rotor, well aft of the leading edge of the front rotor. Reducing the advance
ratio to µ? = 0.47 results in the ground vortex moving forward and forming on the ground
plane below the leading edge of the front rotor. Further reduction in the forward speed to
µ? = 0.29 causes the wake to transfer from the ground vortex regime to the recirculation
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(a) µ? = 0.47 (µ = 0.04)
(b) µ? = 0.29 (µ = 0.025)
Figure 5.19: Vorticity distribution generated by each of the two rotors in the tandem config-
uration. Vorticity generated by the rear rotor is shown on the left and vorticity generated by
the front rotor shown on the right.
regime where a strong vortex forms below the leading edge of the front rotor. At the lowest
advance ratio that was simulated, as with the single rotor case, there is greater fluctuation
within the flow field and the wake extends much further upstream than at the higher advance
ratios.
To examine more closely the differences in the structure of the wake that is generated
by the tandem rotor helicopter at different advance ratios, the individual vorticity fields
generated by the front and rear rotors of the tandem configuration have been plotted. Fig-
ure 5.19 shows the vorticity field generated by the individual rotors when they are simulated
at µ? = 0.47 and 0.29. At the higher advance ratio a prominent ground vortex is formed
by the rear rotor. This vortex acts to entrain the vorticity from the leading edge of the front
rotor and restricts the movement of the combined vorticity field (Figure 5.18 (b)) towards the
front of the helicopter. At the lower advance ratio, the character of the flow is significantly
different. The vortex that forms below the leading edge of the front rotor, shown on the right
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side of Figure 5.19 (b), is strong enough to entrain a significant amount of vorticity from the
rear rotor. The combined vorticity field (Figure 5.18 (c)) also extends a significant distance
out along the ground plane beyond the leading edge of the front rotor.
The differences in the wakes that are generated by the single and tandem rotor systems
greatly affect the amount of dust that is disturbed and entrained from the ground plane.
This, in turn, results in significant differences between the dust clouds generated by the two
configurations as is discussed in § 5.5.4.
5.5.3 Connection Between Vorticity, Velocity and Dust Distribution
It has been shown in § 5.5.2 that, when operated in ground effect, the wake structures gen-
erated by a single rotor and a tandem rotor configuration are different when the rotors are
simulated at the same advance ratio. The effect that these differences in wake structure have
on the dust cloud that develops around the rotor is discussed in § 5.5.4. Prior to this however,
the link between the wake generated by the rotor and the resulting dust cloud is established.
The wake and dust distributions that are generated by the single rotor configuration when
operating at µ? = 0.12 and by the tandem rotor configuration when operating at µ? = 0.47
are examined in closer detail. From this examination, the connection between vorticity, or
equivalently, velocity, and dust distribution is determined.
The link between the vorticity distribution in the flow and the process of entrainment of
dust from the ground plane into the flow field is revealed by comparing the time-averaged
distributions of vorticity and dust in the flow field around the single rotor system, as shown
in Figure 5.20. The vorticity distribution around the rotor is shown in Figure 5.20 (a) while
the associated time-averaged local velocity of the flow is shown in Figure 5.20 (b). In § 4.2.2
it was shown that if the particles are small enough then their trajectory, neglecting the fallout
velocity of the particles, will follow the velocity of the flow field. Figure 5.20 (c) shows
a plot of a series of particle trajectories that would exist around the rotor within the time-
averaged velocity field. Clearly apparent are the two stationary points immediately adjacent
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(a) Mean vorticity distribution (b) Mean velocity distribution
(c) Particle paths in the mean flow (d) Mean dust density distribution
Figure 5.20: Time-averaged vorticity, velocity and dust density in the flow below a single
rotor during a landing manoeuvre – normalised advance ratio µ? = 0.12 (µ = 0.01). Darker
contours represent higher values of the variable within each plot.
to the ground plane, marked A and B in the figure. Bearing in mind the unsteadiness of the
flow and hence the difficulty in relating the position of these stationary points in the mean
flow to the actual positions of the stagnation points in the instantaneous velocity field, point
A is located near to where the rotor downwash attaches to the ground plane and point B is
located near to the point at which the flow separates from the ground again. Point B occurs
just upstream of the large vortical structure that extends out along the ground plane in front
of the rotor. The resultant time-averaged dust distribution in the flow at this advance ratio is
shown in Figure 5.20 (d).
At stationary point A the velocity along the ground plane is effectively zero. The velocity
increases steadily from point A towards the front of the rotor and, as the velocity exceeds
the threshold for entrainment of particles to occur, pick up of dust from the ground plane is
initiated. The entrained material initially stays close to the ground plane and forms a thin,
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sheet-like layer that increases steadily in density through further entrainment of dust from the
ground as it convects forwards towards the front of the helicopter. The sheet-like nature of
the dust distribution is maintained by the downwards trajectory of the flow beneath the rotors.
As the flow extends beyond x/R = −0.5 the velocity decreases and the flow trajectory turns
upwards away from the ground plane until, at stationary point B, the velocity is effectively
zero and the trajectory is vertically upwards. This change in the flow causes the entrainment
of dust to lessen before eventually ceasing, and the layer of dust along the ground plane to
thicken forming the characteristic wedge-shaped separation zone of high density dust. Once
the dust is lifted off the ground and exits the separation zone, the dynamics of the particles are
no longer governed by the entrainment process but rather by the convective properties of the
flow field. At the advance ratio represented in Figure 5.20, the relatively strong velocity field
just above the separation zone leads to a large amount of dust escaping from the separation
zone. The dust is drawn up into the flow and is transported up and around the front of the
rotor.
By close examination of the flow field around the single rotor, it has been shown that,
when modelling particle transport to simulate the brownout phenomenon, the entrainment of
the dust particles from the ground plane and transport within the flow field is very much de-
pendent on the velocities that are induced within the flow. This basic principle is also found
when examining the flow field around the tandem rotor helicopter, where, as shown in Fig-
ure 5.21, the connection between the different parameters of the flow field is very similar to
that of the single rotor. The generic features of the entrainment and transport of the particles
into the flow field are described by the schematics shown in Figure 5.22. These schematics
represent a model for how the dust cloud around a single rotor helicopter forms, based on
the helicopter operating within the ground vortex regime. Representations of the vorticity,
velocity and dust distributions within the flow field around the single rotor helicopter, when
viewed at two different scales, are shown in the figure. The schematics drawn at the coarse
scale represent the distributions that would be revealed in a simulation where the individual
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(a) Mean vorticity distribution (b) Mean velocity distribution
(c) Particle paths in the mean flow (d) Mean dust density distribution
Figure 5.21: Time-averaged vorticity, velocity and dust density in the flow below a tandem
rotor during a landing manoeuvre – normalised advance ratio µ? = 0.47 (µ = 0.04). Darker
contours represent higher values of the variable within each plot.
tip vortices are not resolved, while at the finer scale the schematics represent the distributions
that would be revealed when the tip vortices are resolved. The tip vortices travel down from
the rotor towards the ground plane inducing a velocity along the ground. At the coarse scale
(shown in the left hand column of the figure) the individual tip vortices are not resolved
whereas at the finer scale they are (Figure 5.22 (a)). The velocity field that is induced by
the vorticity is shown in Figure 5.22 (b). There are two stationary points, A and B, where
the velocity at the ground is effectively zero. The initial entrainment of dust occurs close to
point A, as shown in Figure 5.22 (c), once the velocity of the flow has increased sufficiently
to pass the threshold velocity as described in § 4.2.3. The dust is then transported by the flow
but stays in close proximity to the ground plane before accumulating at the second station-
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(a) Vorticity distribution
(b) Velocity distribution
(c) Dust distribution
Figure 5.22: Schematic of the process of dust entrainment along the ground plane for a
single rotor helicopter. Flow field represented at coarse scale shown in left hand column and
at fine scale shown in right hand column.
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ary point at B which lies within what has been termed the ‘separation zone’ by Nathan and
Green [3], located at position C. This zone is apparent in almost all experimental visualisa-
tions of dust clouds generated by rotors operating above dusty surfaces [3, 5] as discussed in
§ 4.4. When the tip vortices are resolved, each individual vortex induces a velocity around
itself. As the vortices travel along the ground plane, dust is entrained into small, wedge-
shaped zones in front of each vortex. These small zones of entrained dust accumulate in the
separation zone. The dust in the separation zone is then transported into the flow around the
rotor by the velocity within the flow field.
The general physics that governs the entrainment of dust from the ground plane when a
wake from a single rotor helicopter interacts with it has been shown in Figure 5.22. Schemat-
ics representing the flow field around a tandem rotor helicopter are shown in Figure 5.23.
The governing physics of the entrainment process below the tandem rotor is the same as that
below the single rotor. The only difference between the flow fields generated by the two
configurations is the vorticity that is generated by the front rotor in the tandem configuration
which becomes entrained into the ground vortex of the rear rotor. The entrainment of dust
from the ground plane is governed by the action of the induced velocity within the flow field
and thus, the size and density of the resulting dust cloud is dependent on the behaviour of
the rotor wake.
5.5.4 Dust Distribution
It was shown in § 5.5.2 that the overall formation of the wakes that are generated by the
single rotor and tandem rotor configurations, when operating at the same advance ratio, can
vary, while the physics that governs the entrainment of dust from the ground plane into the
flow field, as described in § 5.5.3, remains consistent. In this section it will be shown how the
differences in wake geometry around the single rotor and tandem rotor configurations affect
the size and density of the dust cloud that forms in the flow field around each helicopter.
Both the single rotor and tandem rotor geometries have been simulated in ground effect
5.5. Comparison of Single Rotor and Tandem Rotor Configurations 142
(a) Vorticity distribution
(b) Velocity distribution
(c) Dust distribution
Figure 5.23: Schematic of the process of dust entrainment along the ground plane for a
tandem rotor helicopter. Flow field represented at coarse scale shown in left hand column
and at fine scale shown in right hand column.
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using the VTM. The dust density distribution produced by each configuration has been cal-
culated and the results are presented in Figures 5.24 to 5.31 which show the change in dust
distribution as the forward flight speed is reduced. In each of the figures, parts (a) and (b)
show, using an iso-surface of constant dust density, a snapshot of the dust density distribution
within the flow field. Part (a) gives a three-dimensional view of the flow field while part (b)
shows the flow field from a side perspective. This second view allows the vertical extent of
the dust cloud in relation to the height of the helicopter to be appreciated. The third image in
each figure shows contours of the average dust density distribution on a vertical slice through
the flow on a plane that coincides with the centreline of the fuselage. The minimum contour
level shown in the contour plots has the same value as the iso-surface used to generate the
3-D plots. The contour plots show the dust density in the flow around the helicopter averaged
over 60 rotor revolutions. The data for these figures of average dust distribution was taken at
a time far enough into the simulation so that the flow had settled into its long term behaviour
thus avoiding any contamination of the data by vortical or particulate structures that arise in
the initial conditions of the system. These average plots highlight the most persistent features
within the dust cloud.
Figures 5.24 and 5.25 show the dust cloud that is created by the two configurations when
they are flying above the ground at the relatively high advance ratio of µ? = 0.8. At this
advance ratio, both configurations operate in the ground vortex regime as described in § 3.3.1.
At this forward speed, however, and with the inclination of the fuselage and rotor discs, the
ground vortex forms some distance behind the leading edge of the rotors and is relatively
compact (as shown in Figures 5.32 (b) and 5.33 (b)). The position of this interaction of the
ground vortex with the ground plane thus results in the dust entrainment occurring some
distance behind the nose of the aircraft. A low, crescent-shaped ridge of dust marks the front
of the dust cloud below the aircraft. This ridge forms along the forward edge of the ground
vortex that is generated by the helicopter and extends outwards and downstream. At this
relatively high forward speed and with the nose of the aircraft pitched up, the interaction
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(a) (b) (c)
Figure 5.24: Dust distribution surrounding a helicopter with single main rotor configuration
(µ? = 0.80).
(a) (b) (c)
Figure 5.25: Dust distribution surrounding a helicopter with tandem-rotor configuration
(µ? = 0.80).
between the front and rear rotors of the tandem configuration appears to cause the ground
vortex to be located further back than the ground vortex that is produced by the helicopter
with the single rotor.
The iso-surface plots show there to be a distinct asymmetry in the dust distribution that
is generated by the helicopter with the single main rotor. It should be noted that the rotor
in the single rotor configuration was simulated to rotate anti-clockwise when viewed from
above. This asymmetry can be explained by comparing the vorticity distribution created
by the two configurations to the corresponding dust distribution (Figures 5.32 and 5.33).
The iso-surface used to represent the vorticity distribution has been chosen to reveal the
strongest vorticity that is present in the flow. The powerful crescent-shaped vortex which
forms below each rotor system is clearly shown but the plot also reveals that this structure is
highly asymmetric for the single rotor configuration. The core of the ground vortex remains
significantly closer to the ground plane on the left hand side of the aircraft than on the right as
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(a) (b) (c)
Figure 5.26: Dust distribution surrounding a helicopter with single main rotor configuration
(µ? = 0.47).
(a) (b) (c)
Figure 5.27: Dust distribution surrounding a helicopter with tandem-rotor configuration
(µ? = 0.47).
the helicopter moves forward along the ground. The tandem rotor configuration, on the other
hand, generates a ground vortex that has a far more symmetric structure. The asymmetry in
the dust cloud shown in Figure 5.32 (c) can then be explained by the correlation between the
region of maximum entrainment of dust and the position and strength of the ground vortex.
As the advance ratio of the aircraft decreases, the dust clouds which develop in the sur-
rounding flow field form closer to the front of the aircraft. Figures 5.26 and 5.27 show the
dust cloud that the VTM predicts to form around the helicopters once they have decelerated
to an advance ratio of µ? = 0.47. At this forward speed, the wake of an isolated, horizon-
tal rotor would exist within the recirculation regime. The rearwards tilt of the rotors in the
simulations presented here, however, causes a fairly large ground vortex to form just forward
of the helicopter instead. Most interestingly, the iso-surface plot of dust density distribution
around the helicopter with the single rotor shows a fairly broad region in which the dust
remains sheet-like and very close to the ground. In contrast, the dust cloud generated by the
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(a) (b) (c)
Figure 5.28: Dust distribution surrounding a helicopter with single main rotor configuration
(µ? = 0.29).
(a) (b) (c)
Figure 5.29: Dust distribution surrounding a helicopter with tandem-rotor configuration
(µ? = 0.29).
tandem rotors has significant vertical extent.
Further deceleration of the helicopters results in a significant enlargement of the dust
cloud that surrounds the aircraft, particularly around the tandem configuration as the wake
circulates around the front rotor disc. Figures 5.28 and 5.29 show the dust distribution in
the flow with the aircraft travelling at µ? = 0.29. At this advance ratio the rotors operate
well within the recirculatory regime. A comparison of the averaged dust density on the
longitudinal slice through the flow shows the tandem rotor configuration produces a dust
cloud that is far larger and more persistent than the cloud that is produced by the single rotor
configuration.
Deceleration to the slowest speed that was simulated results in both configurations be-
coming engulfed in a large and persistent cloud of dust. Figures 5.30 and 5.31 show the pre-
dicted dust clouds when the aircraft are flying at the very low forward speed of µ? = 0.29.
Significant recirculation of dust through the rotor discs is evident in both cases. It is quite
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(a) (b) (c)
Figure 5.30: Dust distribution surrounding a helicopter with single main rotor configuration
(µ? = 0.12).
(a) (b) (c)
Figure 5.31: Dust distribution surrounding a helicopter with tandem-rotor configuration
(µ? = 0.12).
plausible that in practical circumstances in this situation the helicopter might be considered
to be encountering brownout where it is highly likely that the pilot’s view of the landing area
will have become obscured.
5.6 Summary
To investigate how the configuration of a rotor system affects the geometry of the wake
which develops around it, the VTM has been used to simulate a number of different isolated
rotors hovering in ground effect. The wakes that were generated by the rotors were found
to vary significantly in geometry and size not only between rotors but, in some cases, when
the height of the rotor above the ground was changed. In the simulations some of the rotors
produced wakes that extended down towards the ground before travelling radially outwards
and forming a jet wake type structure along the ground plane, while other rotors generated
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(a) Vorticity distribution (viewed
from the front of the helicopter).
(b) Vorticity distribution (viewed
from below the ground plane).
(c) Dust density distribution.
Figure 5.32: Correlation between the vorticity distribution surrounding a helicopter with
single main rotor and the regions of maximum entrainment of dust. (µ? = 0.80).
(a) Vorticity distribution (viewed
from the front of the helicopter).
(b) Vorticity distribution (viewed
from below the ground plane).
(c) Dust density distribution.
Figure 5.33: Correlation between the vorticity distribution surrounding a tandem-rotor he-
licopter and the regions of maximum entrainment of dust. (µ? = 0.80).
wakes in which the dominant vortical structure was located around the blade tips. This wake
behaviour appears to be dependent on the geometry of the rotor and its height above the
ground. The actual parameter that controls the instability, which results in these different
wake structures, is not, as yet, fully determined. A further investigation has been presented
in which the wake and dust distribution around a single rotor configuration and tandem rotor
configuration helicopter have been compared. It was shown that differences in the wake
structures generated by the two configurations do exist when the rotors are operated at the
same advance ratio. By examining the connection between the vorticity and velocity within
the flow field and how this affects the dust cloud that is produced, it has been shown that the
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entrainment and transport of dust is very much dependent on the induced velocities within the
flow. Finally, the dust clouds generated by the single rotor and tandem rotor configurations at
a number of advance ratios have been shown. The differences in the overall wake structures
produced by the two rotor configurations result in the dust clouds that are generated by the
helicopters also being very different in size and density. The results have shown that the
rotors in a tandem configuration appear more susceptible to brownout. The results presented
in this chapter have revealed that, while the vortical structures that are shed and trailed from
the blades of each rotor remain consistent between rotors, the overall structure of the wake
that develops appears to be rotor depended. Thus, as the formation of the dust cloud in the
flow field around the helicopter is related to the behaviour of the rotor wake, changing the
helicopter configuration can result in significant variation in the size and density of the dust
cloud that is generated.
Chapter 6
Effect of Rotor Design on Helicopter
Brownout
6.1 Introduction
With the recent resurgence of helicopter operations in desert environments there has been a
renewed interest in the problems associated with the suspension of dust particles in the air
flow surrounding helicopters. There are two different approaches to overcoming the problem
of brownout – either by coping with the condition or by avoiding it all together. The first of
these approaches uses instruments which allow the pilot to ‘see through’ the clouds of dust
that form, such as in the systems described by Sykora [66] and Jansen et al. [67]. Although
this technique may provide a short-term solution it does not prevent the aircraft from en-
countering the dust cloud. Not only can brownout be potentially dangerous but operation in
dense dust clouds may affect the efficiency of the system and, over time, the dust can cause
significant damage to the helicopter rotor and engines. Thus, when looking for a long-term
solution to the problem of brownout, avoiding the situation completely or reducing the sever-
ity of the dust clouds that develop, through aerodynamic means, would be beneficial so as to
avoid the costs associated with damage to the helicopter components.
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Computational modelling of particle transport in the helicopter context is still in its rela-
tive infancy, however interest in the area is ever increasing. Haehnel et al. [7], Wachspress
et al. [8] and D’Andrea [10] amongst others are all developing and implementing computa-
tional models which include the transport of particles to investigate brownout. Whitehouse et
al. [6] have extended their computational predictions by conducting experimental investiga-
tions to examine the effects of aerodynamic design on the development of brownout. Other
computational studies such as those by Wadcock et al. [11] focus on the behaviour of the
flow field with particular interest in the downwash generated by the rotor and how this af-
fects brownout. With all these computational models becoming more accurate and reliable,
a fully aerodynamic solution to the brownout problem may well be found through computa-
tional investigations. This chapter presents the results of a study which was conducted using
the VTM to examine the effect of altering various rotor parameters on the development and
density of the dust cloud that is produced by a rotor operating in close proximity to a dusty
surface. This investigation allows some insight to be gained into the dependency of the size
and density of the dust cloud on the rotor design.
6.2 Rotor Configuration
The VTM has been used to simulate a rotor operating in slow-speed forward flight and in
hover above a ground plane to examine how, when one of a number of parameters of the
rotor configuration is altered independently of the others, the dust cloud produced by the
rotor changes. A fictitious rotor, designed to be representative of the EH-101 in terms of its
dimensions and operating conditions was used as a baseline rotor about which each chosen
rotor design parameter was varied. The baseline rotor consisted of five rectangular blades, as
shown in Figure 6.1, attached to an articulated rotor hub. A summary of the parameters of the
baseline rotor is given in Table 6.1. This study was focused on examining the characteristics
of an isolated rotor thus no fuselage was included in the simulations.
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Figure 6.1: Geometry of the baseline rotor.
Rotor radius 9.3 m
Number of blades 5
Root cutout 0.25R
Solidity 0.124
Twist −8◦ (Linear)
Flap/lag hinge offset 0.05R
Chord 0.078R
Aerofoil section NACA23012
Table 6.1: Summary of baseline rotor parameters
6.3 Description of the Overall Flow Field
The dust clouds which develop around helicopters when the rotor wake interacts with a dusty
surface form when the rotor is in close proximity to the ground and travelling at low forward
speeds. For this reason, brownout is most often encountered when the helicopter is landing
or taking off. To approximate a landing manoeuvre, three separate calculations were con-
ducted to represent intermediate stages of the approach. At each stage the rotor is simulated
in a steady flight case. In two of the cases, the rotor is modelled with forward speed at thrust
normalised advance ratios of µ? = 0.6, 0.3, and for the third case the rotor is modelled in
6.3. Description of the Overall Flow Field 153
hover. This series of flight conditions is simulated to represent the rotor decelerating into
hover. This method of breaking the landing manoeuvre down into intermediate stages allows
an understanding of the features of the flow field at each speed to be obtained whilst avoiding
the high computational costs associated with simulating a continuous manoeuvre. The rotor
is trimmed to zero disc tilt and to a constant thrust coefficient CT = 0.012 throughout –
except for the simulations in which the effect of disc loading is examined. For all the sim-
ulations presented in this chapter, the centre of the rotor hub is positioned at a height of 1R
above the ground.
To highlight the differences in the wakes produced by the baseline rotor at the three dif-
ferent advance ratios, three-dimensional snapshots of the flow field surrounding the rotor at
each speed are shown in Figures 6.2 to 6.4. Iso-surfaces representing the vorticity and dust
density are plotted for each advance ratio with the vorticity shown by the light surface and
dust density shown by the dark surface. Examination of the vorticity distribution around the
rotor at the three advance ratios reveals that, at the highest advance ratio, a ground vortex
forms below the leading edge of the rotor disc while at µ? = 0.3 the flow appears to recircu-
late around the front of the disc. When the rotor is in hover it is seen that the wake breaks
down into a large number of small scale structures as a result of the natural instability in
the flow field. The majority of these structures recirculate around the rotor disc to form a
toroidally shaped wake. As discussed in Chapter 5, the structure of the wake produced by this
particular rotor whilst in hover is somewhat different to the wakes produced by many other
rotors. The basic physics relating the development of the velocity field to the formation of
the dust cloud is nevertheless consistent for all rotors, as described in § 5.5.3. Figures 6.2 (b)
to 6.4 (b) show combined surfaces of vorticity and dust density and reveal, that, when the
ground vortex forms below the front of the rotor disc at the higher advance ratio, there is also
a cloud of dust that forms in the same region. At the lower advance ratio there appears to
be considerably less dust in the region below the front of the rotor than is seen at the higher
advance ratio. It must be remembered however that these figures are instantaneous snapshots
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(a) Vorticity
(b) Vorticity and dust density
(c) Dust density
Figure 6.2: µ? = 0.6.
(a) Vorticity
(b) Vorticity and dust density
(c) Dust density
Figure 6.3: µ? = 0.3.
(a) Vorticity
(b) Vorticity and dust density
(c) Dust density
Figure 6.4: µ? = 0.0.
6.3. Description of the Overall Flow Field 155
of the flow fields and that the structure of the dust cloud that forms at the lower speed is in-
termittent due to the recirculatory nature of the flow. The wake produced by the rotor at the
lower speed will be discussed in more detail later in this section. When the rotor is in hover,
the dust cloud that develops extends only a small distance outboard of the rotor disc, with
the majority of the dust forming a similar recirculatory structure as does the vorticity around
the rotor disc.
To lend further insight into the processes that govern the entrainment of dust from the
ground plane and the formation of the dust clouds within the air flow surrounding the rotor,
the relationship between velocity, vorticity and dust density distributions, as was previously
discussed in § 5.5.3, are examined. Figures 6.5 to 6.7 show the flow field that is produced
by the baseline rotor at the three different thrust-normalised advance ratios. Presented in
these plots are instantaneous snapshots of the vorticity, velocity magnitude and dust density
distributions on a longitudinal plane through the centre of the rotor. Also shown is a map of
the instantaneous particle trajectories through the flow.
At the highest advance ratio (µ? = 0.6) a vortex is formed on the ground plane below the
leading edge of the rotor (Figure 6.5 (a)) as was also seen in Figure 6.2 (a). This ground vor-
tex remains fairly static with only minimal changes in its size and position as the simulation
progresses. By comparing the snapshots shown in Figure 6.5 (a) and (c) with the plots of
the averaged flow field shown in Figure 6.8 it can be inferred that the changes in size of the
vorticity and dust distributions over time are small. Examination of the velocity distribution
in Figure 6.5 (b) shows the largest velocities in the flow close to the ground plane to occur
immediately below the vortex. The initial entrainment of dust from the ground plane into the
flow field occurs at the downwind edge of the ground vortex. The dust stays in a thin layer
close to the ground as it is transported in the flow. At approximately −1R, i.e. forward of
the rotor, the trajectory of the flow turns away from the ground plane and the velocity field
transports the entrained dust up into the circulating region of flow that is associated with the
ground vortex.
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(a) Vorticity distribution (b) Velocity distribution (c) Dust distribution (d) Flow trajectories
Figure 6.5: Snapshot of flow field parameters near the front of the rotor disc at a thrust-
normalised advance ratio µ? = 0.6. Scales consistent for µ? = 0.3 and hover.
(a) Vorticity distribution (b) Velocity distribution (c) Dust distribution (d) Flow trajectories
Figure 6.6: Snapshot of flow field parameters near the front of the rotor disc at a thrust-
normalised advance ratio µ? = 0.3.
(a) Vorticity distribution (b) Velocity distribution (c) Dust distribution (d) Flow trajectories
Figure 6.7: Snapshot of flow field parameters around the rotor in hover.
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(a) Vorticity distribution (b) Dust distribution
Figure 6.8: Flow field parameters near the front of the rotor disc at a thrust-normalised
advance ratio µ? = 0.6. (Averaged over 60 rotor revolutions.) Scales consistent for µ? = 0.3
and hover.
(a) Vorticity distribution (b) Dust distribution
Figure 6.9: Flow field parameters near the front of the rotor disc at a thrust-normalised
advance ratio µ? = 0.3. (Averaged over 60 rotor revolutions.)
(a) Vorticity distribution (b) Dust distribution
Figure 6.10: Flow field parameters near the front of the rotor disc while the rotor is in hover.
(Averaged over 60 rotor revolutions.)
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As the advance ratio is reduced, the structure of the wake becomes less regular. Similar
images to those shown in Figure 6.5 are given in Figure 6.6 but for the rotor at a forward
speed of µ? = 0.3. At this advance ratio and at the particular instant in time shown in
the figure, the wake recirculates around the leading edge of the rotor rather than forming a
ground vortex as is the case at faster forward speeds. This recirculation is intermittent with
the wake regularly breaking down to form less coherent structures. As the wake extends out
in front of the rotor, separation of the wake from the ground plane usually occurs around
−1.5R. It is at this point that the majority of the dust is lifted from the ground either to
become trapped in the recirculation zone around the front of the rotor or to be transported
into the flow downstream of the rotor.
Evidence of the highly unsteady nature of the flow which develops around the rotor at
µ? = 0.3 is revealed by comparing the instantaneous snapshots of vorticity and dust density
distribution shown in Figure 6.6 with the averaged distributions as shown in Figure 6.9. The
average plots show the recirculation of vorticity and dust through the front of the rotor that
was observed in the instantaneous snapshots. Closer inspection of the instantaneous and av-
eraged distributions reveals a difference in the overall size and shape of the distribution below
the front of the rotor. This difference is particularly noticeable in the vorticity distribution.
As the advance ratio reduces further towards the rotor being in hover, there is a signif-
icant increase in the size and density of the dust cloud that is produced. The dust density
distribution in the flow field around the hovering rotor, along with the other flow parameters,
is shown in Figure 6.7. Comparison of these to the average distributions presented in Fig-
ure 6.10 shows a similarity between the average and instantaneous plots such that the flow
field produced by a hovering rotor appears to be far more constant than that which develops
at µ? = 0.3. While the rotor is in hover, some of the entrained dust becomes trapped in the
recirculating region which forms around the edge of the rotor disc while a significant portion
of the dust rises in a plume up through the centre of the rotor. A similar effect was discussed
by Fradenburgh [18] when describing the structure of the wake below a rotor hovering in
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ground effect. Part of the vorticity below the rotor was found to flow radially inward, then,
at the axis of rotation, it would converge and flow vertically upwards. A similar upwards
velocity in the simulations presented here results in the large plume of dust forming above
the rotor. The instantaneous plot of dust distribution shows the highest dust densities to exist
within this plume and in the flow close to the ground plane. Conversely, the lowest dust
densities are found within the recirculating region around the edge of the rotor disc.
The intermittent nature of the rotor wake at the lower advance ratio of µ? = 0.3 is inves-
tigated in more detail by considering the development of the wake over a number of rotor
revolutions. Figure 6.10 shows how both the vorticity and dust density distributions develop
over approximately 18 rotor revolutions. The corresponding interval over which the revo-
lutions occur is far enough into the simulation for the initial transients in the wake to have
dissipated. At the first instant in time (Figure 6.10 (a)) there is a region of strong vortic-
ity located below the leading edge of the rotor disc, but this region appears to interact only
weakly, if at all, with the ground plane. As a result there is no new entrainment of dust from
the ground plane below the front of the rotor disc. The dust that does exist in the flow field
towards the rear of the rotor disc is a result of previous interactions between the wake and
the ground. As time proceeds, a vortex can be seen (specifically, between 57.5 and 62.5 rotor
revolutions) to break away from the region of vorticity below the leading edge of the rotor
and then to travel down towards then along the ground plane. Examination of the dust dis-
tribution over the same time period shows the dust that was already present in the flow field
to be transported back behind the rotor whilst, on the ground below the front of the rotor,
a new region of dust is formed as a result of the disturbance of dust on the ground. Initial
entrainment of dust occurs when the vortex first reaches the ground plane and continues as
the vortex travels along the ground. Once the dust has been entrained from the ground plane,
it is then free to be transported in the flow field. Figure 6.10 (e) shows the dust to be trans-
ported away from the ground plane and up towards the rotor disc. While the vortex moves
away from the ground and back up to the region directly below the rotor, the transport of
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(a) t = 54.2 rotor revolutions
(b) t = 55.8 rotor revolutions
(c) t = 57.5 rotor revolutions
(d) t = 59.2 rotor revolutions
(e) t = 60.8 rotor revolutions
(f) t = 62.5 rotor revolutions
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(g) t = 64.2 rotor revolutions
(h) t = 65.8 rotor revolutions
(i) t = 67.5 rotor revolutions
(j) t = 69.2 rotor revolutions
(k) t = 70.8 rotor revolutions
(l) t = 72.5 rotor revolutions
Figure 6.10: Development of vorticity and dust density distributions over 18 rotor revolu-
tions around the baseline rotor operating at µ? = 0.3. Vorticity is shown on the left of each
subfigure and dust density on the right.
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dust under the action of the velocity field within the region between the rotor and the ground
continues, eventually forming a large cloud around the front of the rotor disc.
This intermittent breakdown of the wake and the corresponding entrainment of dust from
the ground plane result in the flow field that is generated by the rotor at µ? = 0.3 being
less structured than that generated at µ? = 0.6. The cyclic manner in which the vortical
structures breakdown and travel towards the ground plane continues to occur repetitively
as the simulation develops further. As the overall amount of dust that is entrained from the
ground plane is very much dependent on the interaction of the rotor wake with the ground, the
more frequently this breakdown of the vortical structures occurs, the more dust is entrained.
6.4 Influence of Rotor Design and Disc Loading
It has been shown, in § 5.5.3, that the formation and development of the dust cloud in the
flow field around a helicopter is dependent on the velocity field that is generated by the rotor.
The mean downwash velocities generated by the rotor are determined primarily by the disc
loading while the more detailed characteristics of the flow field are influenced by the design
of the rotor. In the following section, results will be presented which demonstrate the extent
to which the disc loading of the rotor effects the size and severity of the dust clouds that are
produced when the rotor is simulated at the same three advance ratios as analysed in § 6.3.
Further results are then presented which show how various rotor design parameters alter the
size and density of the dust clouds that are produced. More specifically, the sensitivity of
the shape and size of the dust cloud to the number of rotor blades, the blade twist and the
root cutout of the blades is examined. These particular parameters and, additionally, the tip
shape of the blades have the greatest effect on the strength of the tip vortices and are thus
likely to have the greatest effect on the dust cloud that is generated. The three parameters
that were investigated were selected as they would be the most straightforward to change on
a real rotor. Finding the optimum design of the tip shape, although feasible, would be more
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involved than simply changing the twist or root cutout of the blades and a large number
of tip shapes and sizes would be need to be simulated to reveal any trend in the results.
Investigating what effect the number of blades, twist and root cutout have on the strength
of the tip vortices and how this, in turn, effects the size and density of the dust cloud that
forms, provides valuable information on the formation of dust clouds around helicopters. If
the effect of changing the tip shape on the strength of the tip vortices that are generated is
known, then the effect of the tip shape on the size and density of the dust cloud generated by
the rotor could then be inferred from the results presented in this section. The effect that the
number of blades, the twist of the blades and the root cutout have on the flow field are thus
examined and the results that are presented augment the discussion of the effect of the height
of the rotor above the ground presented in Chapter 5.
6.4.1 Disc Loading
The mean downwash from a helicopter rotor is governed in the main by the disc loading
of the rotor. The differences in the size and density of the dust cloud that forms around
the rotor as a result of changing the disc loading are discussed in this section. The same
baseline rotor as described in § 6.2 was used for this investigation. By altering the collective
pitch of the blades, the rotor system was trimmed to different values of thrust coefficient
to represent different disc loadings. The values of thrust coefficients simulated at each of
the three thrust normalised advance ratios ranged from CT = 0.008 to 0.013 which are
equivalent to the empty weight and maximum takeoff weight of the EH-101. The advance
ratio is normalised with the hover inflow velocity and comparison of the systems at the same
normalised advance ratio ensures that the gross characteristics of the flow e.g. the skew angle
of the wake, are maintained while the disc loading of the rotor is changed. Differences in
the more detailed characteristics of the wake, for instance the size of the ground vortex that
forms, are still apparent and it is these differences that will be shown to be responsible for
the slight changes to the size and density of the dust cloud that is generated.
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Figures 6.11 to 6.13 show the distributions of dust density and vorticity in the flow field
surrounding the rotor at the three different normalised advance ratios of µ? = 0.6, 0.3
and 0.0. At each advance ratio, five different simulations were conducted with the rotor
in each simulation being trimmed to a different thrust coefficient. The images present the
average distributions on a vertical slice through the longitudinal centreline of the rotor. The
data was averaged over approximately 60 rotor revolutions once the initial transients of the
system had dissipated. The effect of increasing the thrust coefficient on the dust density and
vorticity distributions at the highest advance ratio is shown in Figure 6.11. As the thrust
coefficient, and therefore disc loading, is increased, the extent of the high density region of
dust which forms below the rotor also increases. Examination of the vorticity distribution
shows that, at the lowest thrusts of CT = 0.008 and 0.009, a very weak vortex forms on the
ground plane at the front of the rotor wake. The weakness of the velocity field that is induced
by this ground vortex in comparison to the effect of the oncoming flow results in only a small
dust cloud forming below the rotor. This small region of dust remains in close proximity to
the ground plane.
As the thrust coefficient is increased, the extent of the dust cloud, both along the ground
plane and vertically upwards towards the rotor, also increases as shown in Figure 6.11 (c), (d)
and (e). At higher thrust, the ground vortex that forms just upstream of the point at which the
wake impinges on the ground plane becomes larger and stronger. As the strength and size of
the ground vortex increases, a greater amount of dust accumulates in the separation zone that
is located at approximately -1R upstream of the rotor axis. The dust is then entrained into
the flow field by the velocity field and forms a wall-like structure below the leading edge of
the rotor disc.
Figure 6.12 shows the dust density and vorticity distributions in the flow field around
the rotor when it is operating at a thrust normalised advance ratio of µ? = 0.3. Again,
the gross characteristics of the averaged distributions are similar over the range of thrusts
but on closer inspection subtle differences between the distributions are revealed. At this
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(a) CT = 0.008
(b) CT = 0.009
(c) CT = 0.010
(d) CT = 0.012
(e) CT = 0.013
Figure 6.11: Dust density and vorticity distributions generated by baseline rotor at µ? = 0.6
at various thrust coefficients. Dust density shown on the left, vorticity shown on the right.
Scales constant throughout remainder of chapter.
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(a) CT = 0.008
(b) CT = 0.009
(c) CT = 0.010
(d) CT = 0.012
(e) CT = 0.013
Figure 6.12: Dust density and vorticity distributions generated by baseline rotor at µ? = 0.3
at various thrust coefficients. Dust density shown on the left, vorticity shown on the right.
Scales constant throughout remainder of chapter.
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advance ratio, the rotor wake recirculates intermittently through the front of the rotor disc.
This recirculating flow entrains dust from the separation zone, which is evident in the dust
distribution generated at each thrust coefficient at approximately -1.2R upstream of the rotor
axis (highlighted in Figure 6.12 (b)), and transports it up into the flow around the front of
the rotor. The dust then continues to recirculate in this region or is eventually transported
downstream of the rotor. Examination of the development of the dust density distributions
with changing thrust coefficient reveals that, at this advance ratio, as the thrust increases
there is a very slight decrease in the density of dust that recirculates around the front of the
rotor. This change may be due in part to the increase in downwash associated with increasing
the disc loading. The dust that becomes entrained within the flow field may be transported
downstream of the rotor more quickly when the downwash velocities are greater.
When in hover (Figure 6.13) the vortical structure generated by the rotor produces a
highly recirculatory flow at all the thrust coefficients that were simulated. In hover, a wall-
like structure of dust forms at around x/R = ±2. As the thrust coefficient is increased the
wall-like structure becomes more prominent. This region of high density dust, which occurs
at the separation zone, forms as the dust is entrained and transported away from the ground
by the recirculating wake. This wall of dust is seen to some degree in all the simulations of
this rotor in hover. The most obvious difference that occurs with a change in thrust, however,
appears to be that, as the thrust increases, the size of the plume of dust above the centre
of the rotor also increases. The extent of this plume correlates well with the corresponding
plots of vorticity distribution. Closer inspection of the dust distributions, particularly in
the region that circulates around the edge of the rotor disc, reveals there to be a distinct
lateral asymmetry in the density of the cloud. This difference is particularly noticeable when
CT = 0.012. Examination of the development of the dust cloud reveals that the plume of
dust above the centre of the rotor appears to affect the density of the dust cloud that develops
around the rotor. Figure 6.14 shows a snapshot of the dust density distribution within the
flow field surrounding the rotor when trimmed to CT = 0.012. The arrows indicate the
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(a) CT = 0.008
(b) CT = 0.009
(c) CT = 0.010
(d) CT = 0.012
(e) CT = 0.013
Figure 6.13: Dust density and vorticity distributions generated by baseline rotor hovering
at various thrust coefficients. Dust density shown on the left, vorticity shown on the right.
Scales constant throughout remainder of chapter.
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Figure 6.14: Movement of dust contained within the plume above a rotor while hovering at
a height of 1R above the ground.
direction of movement of the dust through the flow field surrounding the rotor. As the cloud
develops, a large amount of dust is transported up through the centre of the rotor into the
plume above the rotor disc. The dust that is in the plume travels back down through the disc,
in this case to the right of the figure, and contributes to the recirculation of dust around the
right of the rotor disc. The vorticity in the plume is also transported back down towards the
ground plane. This transport of vorticity increases the induced velocity close to the ground
plane and this increase in velocity results in an increase in the entrainment of dust from the
ground which adds further to the asymmetry of the dust cloud. The extent of the plume that
forms may not be entirely realistic due to the lack of a fuselage in the present simulations,
however. The asymmetry revealed in the results does suggest however that the density of the
dust cloud that forms may be sensitive to the trim of the rotor disc and to small disturbances
in the wake which might influence the movement of the dust within the plume. It also shows
that the timescales associated with the formation of the dust cloud are very much longer than
those associated with the flow around the rotor.
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6.4.2 Rotor Design
When considering the strength of a rotor wake, vortex theory [68] shows that the total circu-
lation, or, equivalently, vorticity, that is released from the rotor will be the same for a given
thrust and disc area no matter what the design of the rotor. The distribution of the vorticity as
it impinges on the ground plane can be altered, however, by changing the design of the rotor.
As shown previously in § 6.3, the entrainment of dust from the ground plane into the airflow
surrounding the rotor is initiated when the rotor wake approaches the ground and disturbs the
dust. The interaction of the tip vortices with the ground plane plays a key role in the initial
entrainment of dust. The design of the baseline rotor has been modified to investigate how
altering the distribution of vorticity as it interacts with the ground plane affects the size and
density of the dust cloud which develops. In all the cases that were simulated, the overall so-
lidity of the rotor was maintained constant by adjusting the chord of the blades appropriately.
This ensured that the overall strength of the wake produced by each different rotor config-
uration was kept constant. Three different rotor design parameters were modified, namely
the number of blades, the blade twist and the root cutout of the blades. The results from this
investigation of the effect of varying these rotor design parameters on the severity of the dust
cloud are presented in the following sections.
6.4.2.1 Number of Blades
To investigate the effect that altering the number of rotor blades has on the dust cloud that
develops, the number of blades on the baseline rotor was changed. Four different rotors were
simulated; with 3, 4, 5 and 7 blades. Vortex theory [68] shows that the strength of the tip
vortex trailed from each rotor blade when in hover,
Γv ∝ 2T
ρNb(R−Rc)ΩR (6.1)
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where Nb is the number of blades and Rc is the root cutout of the blades. If the same total
circulation is generated by the rotor, then distributing the circulation between an increasing
number of blades results in the strength of each individual tip vortex being reduced while the
gradient of the blade loading along each blade remains constant. Again, results are presented
for the rotor operating at the three different advance ratios of µ? = 0.6, 0.3 and 0.0 with the
data in the plots having being averaged over approximately 60 rotor revolutions.
Figures 6.15 to 6.17 compare the dust density distributions which are generated by the
rotors with different numbers of blades. At the highest advance ratio, µ? = 0.6, that was
simulated, changing the number of blades on the rotor appears to have only a small effect
on the characteristics of the dust cloud that is generated, as shown in Figure 6.15. When the
advance ratio is decreased to µ? = 0.3 (Figure 6.16) the effect of changing the number of
blades becomes more apparent. At this forward speed all four rotor configurations generate
dust clouds that, in terms of geometry and size, are very similar but, as the number of blades
is increased, the density of dust within the cloud reduces. In § 4.2.3 it was shown, by Eq. 4.24,
that a non-linear relationship exists between the velocity that is induced along the ground
plane and the resulting amount of dust that saltates across the ground and subsequently is
entrained into the flow. When the number of blades is increased there is a reduction in
strength of the tip vortices. This is shown by the vorticity distributions in Figure 6.18 where
the strong region of vorticity below the leading edge of the rotor gradually moves away from
the ground plane as the strength of the individual vortices decreases with increasing number
of blades. This decrease in vortex strength also corresponds to a decrease in the induced
velocity which, coupled with the non-linear relationship between velocity and dust, reduces
the amount of dust that becomes entrained into the flow field surrounding the rotor.
The effect that the distribution of circulation has on the extent of the dust cloud produced
by the rotor in hover can be seen in Figure 6.17. As was shown for µ∗ = 0.3, the general
trend of the distribution, particularly within the region around the tips of the rotor blades,
is for the dust density to decrease with increasing number of blades. With the strength of
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(a) 3 blades
(b) 4 blades
(c) 5 blades
(d) 7 blades
Figure 6.15: Dust den-
sity distribution generated
by baseline rotor with dif-
ferent numbers of blades at
µ? = 0.6.
(a) 3 blades
(b) 4 blades
(c) 5 blades
(d) 7 blades
Figure 6.16: Dust den-
sity distribution generated
by baseline rotor with dif-
ferent numbers of blades at
µ? = 0.3.
(a) 3 blades
(b) 4 blades
(c) 5 blades
(d) 7 blades
Figure 6.17: Dust den-
sity distribution generated
by baseline rotor with dif-
ferent numbers of blades in
hover.
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(a) 3 blades (b) 4 blades
(c) 5 blades (d) 7 blades
Figure 6.18: Vorticity distribution generated by baseline rotor with different numbers of
blades at µ? = 0.3.
the tip vortices being inversely proportional to the number of blades, the three-bladed rotor
produces the strongest vortices and the figures show this rotor to generate the densest dust
cloud. A similar wall of dust to that mentioned in § 6.4.1 forms at approximately ±2R away
from the centre of the rotor. The behaviour of this region of high density dust as the number
of blades is increased is most interesting. The dust cloud generated by the three-bladed rotor
is of high density throughout, thus the wall of dust is not particularly obvious. With the
four-bladed rotor, the density of dust that recirculates through the rotor disc decreases, thus
revealing the region of high density dust that composes the wall structure. As the number of
blades is increased further, there is minimal further reduction in the density of dust within the
recirculating region. There is, however, a reduction in the density of the dust which forms
the wall. Thus, extrapolating this to a real life situation, a helicopter with more blades may
have better brownout characteristics than others with fewer blades as the wall of dust is more
diffuse and the pilot may well be able to see further.
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6.4.2.2 Twist
To investigate further the effect that various rotor design parameters have on the size and
density of the dust clouds generated by the rotor, the original baseline rotor configuration was
modified to have different amounts of blade twist. The rotor was modelled to have blades
with 8◦, 11◦, 13◦ and 16◦ of linear twist. Each rotor was simulated at the same three advance
ratios used for the previous simulations presented in this chapter. The dust distributions that
were generated at each advance ratio are shown in Figures 6.19 to 6.21.
Figure 6.19 shows the dust distributions that are predicted by the VTM to form around
the rotors with different blade twist whilst simulated at µ? = 0.6. As the twist of the blades is
increased, the extent of the high density region of dust that forms below the leading edge of
the rotor reduces. When the blades have a twist of 16◦, the dust cloud that is produced would
cause the least obscuration of the pilot’s visibility as the cloud is very small and remains in
close proximity to the ground plane. The sensitivity of the dust distribution to blade twist can
be explained by examining the averaged blade loading distributions across the rotor disc and
the corresponding vorticity distributions within the flow field for the range of twist values
that were simulated. As the twist of the blades is increased, the loading along the blades
becomes more uniform and thus the loading in the tip region reduces. This change in the
distribution of the loading along the blades, when the rotor is simulated at µ? = 0.6, can
be seen in Figure 6.22. For each of the four values of twist, the blade loading distribution
around the rotor disc, averaged over 50 rotor revolutions, is shown. As the twist is increased
the loading in the tip region, around the front of the rotor disc, decreases. The corresponding
distribution of the circulation gradient (dΓ/dr), which is directly related to the strength of
the tip vortices, is shown in Figure 6.23. The circulation gradient close to the tip of the blades
reduces as the twist is increased, thus reducing the strength of the tip vortices. The effect of
the reduction in strength of the tip vortices on the wake produced by the rotor at µ? = 0.6 is
visible in the plots shown on the left of Figure 6.24. As the twist increases and the strength
of the tip vortices decreases the extent of the ground vortex which forms below the front of
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(a) −8◦ blade twist
(b) −11◦ blade twist
(c) −13◦ blade twist
(d) −16◦ blade twist
Figure 6.19: Dust den-
sity distribution generated
by baseline rotor with vary-
ing degrees of blade twist at
µ? = 0.6.
(a) −8◦ blade twist
(b) −11◦ blade twist
(c) −13◦ blade twist
(d) −16◦ blade twist
Figure 6.20: Dust den-
sity distribution generated
by baseline rotor with vary-
ing degrees of blade twist at
µ? = 0.3.
(a) −8◦ blade twist
(b) −11◦ blade twist
(c) −13◦ blade twist
(d) −16◦ blade twist
Figure 6.21: Dust den-
sity distribution generated
by baseline rotor with vary-
ing degrees of blade twist in
hover.
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(a) −8◦ blade twist (b) −11◦ blade twist (c) −13◦ blade twist (d) −16◦ blade twist
Figure 6.22: Blade loading distribution around rotor disc at µ? = 0.6. Data averaged over
50 rotor revolutions.
(a) −8◦ blade twist (b) −11◦ blade twist (c) −13◦ blade twist (d) −16◦ blade twist
Figure 6.23: Distribution of the circulation gradient around rotor disc at µ? = 0.6.
the rotor, at this advance ratio, reduces. This reduction in the extent and strength of the wake
in this area results in the size of the dust cloud produced also reducing as the twist increases.
When the advance ratio is reduced to µ? = 0.3 there is similar reduction in strength of the
tip vortices as the twist of the blades is increased. Figure 6.20 shows however, that instead
of the dust cloud decreasing in size and density as the tip vortex strength decreases, as was
the case when the rotor was simulated at µ? = 0.6, the opposite is true and that the density
of the dust cloud increases with increasing twist. Examination of the vorticity distribution
at this lower advance ratio (shown on the right of Figure 6.24) reveals that, as the strength
of the tip vortices reduces with increasing twist, and the distribution of the loading along
the blades is altered, there is a more subtle change in the behaviour of the wake than occurs
when the number of blades are altered (Figure 6.18). It would appear that as the strength
of the tip vortices increases there is a greater tendency for these vortices to circulate round
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(a) −8◦ blade twist
(b) −11◦ blade twist
(c) −13◦ blade twist
(d) −16◦ blade twist
Figure 6.24: Average vorticity distribution generated by baseline rotor with varying degrees
of blade twist at µ? = 0.6 (left hand column) and µ? = 0.3 (right hand column).
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(a) −8◦ and −11◦ blade twist (b) −11◦ and −16◦ blade twist
Figure 6.25: Schematic showing contours of the averaged vorticity distributions around the
front of the rotor at µ? = 0.3 as the twist of the blades is changed. In each subfigure the
darker lines represent the vorticity from the rotor with the greater amount of twist.
the front of the rotor disc. With the decrease in vortex strength associated with an increase
in blade twist, the tip vortices travel down towards the ground more often than the vortices
with greater strength. This change in the main direction of travel of the tip vortices is shown
schematically in Figure 6.25. In each subfigure three contours of vorticity are shown for two
different values of twist. With the dark contours representing the rotor with the larger twist,
the figure shows that, when the twist is increased, the centroid of the vorticity moves towards
the rear of the rotor and down towards the ground plane. As these contours show the vorticity
distribution in the flow field averaged over a number of rotor revolutions, this slight change
in the behaviour of the wake suggests that there is a greater tendency for the wake to travel
towards the ground plane when the blades are more highly twisted. The more frequent the
interaction of the wake with the ground plane, the more the dust is disturbed and released
into the flow field – thus producing the dust distributions shown in Figure 6.20.
When the rotor is hovering above the ground, as shown in Figure 6.21, the most obvious
change in the dust distribution is the height to which the plume of dust through the centre of
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Figure 6.26: Blade loading distribution
along the length of the rotor blade when
the rotor is in hover. Distribution has
been averaged over 30 rotor revolutions
and around the azimuth.
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Figure 6.27: Difference in blade load-
ing distribution generated by the rotors
with−8◦ and−13◦ of blade twist while in
hover. Distribution is calculated by sub-
tracting the distribution generated with
−8◦ blade twist from the distribution gen-
erated with −13◦ blade twist.
the rotor reaches. As the twist of the blades increases, the height of the plume decreases. The
density of the dust within this plume is also seen to reduce. This change in wake geometry
and dust density is most likely related to the increase in induced downwash close to the centre
of the rotor when the twist of the blades is increased. Figure 6.26 shows the blade loading
distribution along the length of the blade for the rotors with −8◦ and −13◦ of blade twist.
The data shown was averaged over 30 revolutions and around the azimuth. The differences
between these two distributions are small but are made more apparent in Figure 6.27 where
the distribution along the blades with −8◦ of twist has been subtracted from the distribution
along the blades with −13◦. Over the inboard portion of the blade (apart from a very small
region at the root of the blade), up to approximately x/R = 0.7, the rotor with −13◦ of
twist has the greater blade loading while in the tip region the rotor with −8◦ of twist has the
greater blade loading. Thus, at the higher twist, the loading on the blades, close to the centre
of the rotor, is greater than that on the rotor with lower twist. The change in the downwash
distribution in the flow field surrounding the rotor, that is associated with an increase in the
twist of the blades, is shown in Figure 6.28. By increasing the twist of the blades from −8◦
6.4. Influence of Rotor Design and Disc Loading 180
(a) −8◦ twist (b) −13◦ twist
Figure 6.28: Downwash distribution on a vertical slice through the centreline of the rotor for
two rotors with different amounts of blade twist. Negative values imply downwards velocity.
to −13◦, there is an increase in the downwards component of velocity below the rotor disc.
This increase in downwash, at the higher twist, reduces the velocity of the upflow through
the centre of the rotor. This reduction in upflow, in turn, reduces the amount of dust that
escapes vertically upwards through the centre of the rotor resulting in the reduction in plume
height shown in Figure 6.21.
6.4.2.3 Root Cutout
The final rotor parameter to be modified was the root cutout of the blades. The baseline rotor
was altered to have root cutouts of 15, 20 and 25% of the blade radius. As with modifying
the number of blades (§ 6.4.2.1), when modifying the root cutout of the blades, the overall
solidity of the rotor was kept constant by changing the blade chord. Vortex theory [68] can be
used to estimate the strength of the tip vortices that are trailed from the blades, as described
in § 6.4.2.1. Equation 6.1 shows that increasing the root cutout of the blades increases the
strength of the tip vortices that are generated. This change in vortex strength can be inferred
from Figure 6.29 where the distribution of circulation gradient around the rotor discs at
µ? = 0.6 are shown. The radial circulation gradient in the tip region at the front of the disc
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(a) 15% root cutout (b) 20% root cutout (c) 25% root cutout
Figure 6.29: Distribution of the circulation gradient around the rotor disc at µ? = 0.6.
(a) 20%− 15% root cutout (b) 25%− 20% root cutout
Figure 6.30: Difference in the distribution of the circulation gradient around the rotor disc
generated with different root cutouts. Rotors simulated at µ? = 0.6.
is seen to increase with increasing root cutout. This is shown more clearly in Figure 6.30
where the distribution generated with a smaller root cutout is subtracted from that generated
with a larger cutout. In this figure, the darker contours represent the areas of the disc where
the circulation gradient is greater on the rotor with the larger cutout. Increasing the tip vortex
strength by increasing root cutout has a similar effect on the dust distribution to that caused
by decreasing blade twist, as discussed in § 6.4.2.2. The average dust distributions generated
by the rotors with the three different root cutouts are shown in Figures 6.31 to 6.33.
When the rotors are simulated at µ? = 0.6 (Figure 6.31), increasing the root cutout results
in a slight increase in the size and density of the dust cloud below the front of the rotor. This
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(a) 15% root cutout
(b) 20% root cutout
(c) 25% root cutout
Figure 6.31: Dust den-
sity distribution generated
by baseline rotor with vary-
ing blade root cutouts at
µ? = 0.6.
(a) 15% root cutout
(b) 20% root cutout
(c) 25% root cutout
Figure 6.32: Dust den-
sity distribution generated
by baseline rotor with vary-
ing blade root cutouts at
µ? = 0.3.
(a) 15% root cutout
(b) 20% root cutout
(c) 25% root cutout
Figure 6.33: Dust den-
sity distribution generated
by baseline rotor with vary-
ing blade root cutouts in
hover.
change in dust distribution shows the same trend as that observed when increasing the tip
vortex strength by decreasing the blade twist. At the advance ratio of µ? = 0.3 (Figure 6.32)
there is a slight decrease in the density of dust within the cloud that forms around the front
of the rotor. Again, this is in line with the observations made in § 6.4.2.2 that are due
to subtle changes in the behaviour of the wake. When the rotor is in hover, Figure 6.33
shows that as the root cutout increases, there is a slight decrease in the density of the dust
recirculating in the region around the blade tips. Figure 6.34 shows the Z-component of
the velocity distribution generated by the rotor with varying amounts of root cutout when
hovering above the ground. The figure shows only the upwards velocity. As the cutout
decreases, the upwards velocity close to the ground plane, below the centre of the rotor,
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(a) 15% root cutout
(b) 20% root cutout
(c) 25% root cutout
Figure 6.34: Distribution of upwards velocity generated by baseline rotor with varying blade
root cutouts in hover. (Regions of downwards velocity blanked in order to reveal only the
upwards distribution.)
increases. This increase in upwards velocity increases the amount of dust that is entrained
from the ground plane and that subsequently becomes contained within the plume. The
density of dust in the plume has been shown previously, in § 6.4.1, to contribute to the dust
recirculating around the rotor tips. Thus as the root cutout decreases the amount of dust
transported from the plume to the recirculating regions increases.
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6.5 Summary
A generic five-bladed rotor has been used as a baseline rotor and simulated using the VTM.
The rotor was modelled at three different advance ratios and it has been shown that the main
structure of the flow field and resulting dust cloud depends very much on the advance ratio of
the rotor. As the forward speed of the rotor is reduced the wakes that are generated become
less structured. The baseline rotor was then modified to investigate what effect the disc
loading, the number of blades, the twist of the blades and the blade root cutout have on the
size and density of the dust cloud which develops around the rotor. In was shown in Chapter 5
that the formation of the dust cloud is related to the induced velocities along the ground plane
and to the behaviour of the rotor wake. The study of the baseline rotor in the current chapter
has shown that altering the rotor parameters does influence the size and severity of the dust
cloud that is produced and that the changes to the dust cloud are very much dependent on
the strength of the tip vortices that are generated by the rotor. It was found that, for this
particular baseline rotor, the behaviour of the wake and corresponding dust cloud, when the
strength of the tip vortices was increased, was dependent on the advance ratio of the rotor. At
the higher advance ratio, increasing the strength of the tip vortices resulted in the dust cloud
becoming larger and more dense in all cases. At the lower advance ratio the same was true
when the number of blades was changed, however the opposite was true when the twist and
root cutout of the blades were altered. The more subtle changes in the flow field associated
with changing these two parameters resulted in the dust density decreasing with increasing
tip vortex strength. Although the findings presented may not be absolutely conclusive, as the
wakes of different rotors may behave differently, they do suggest that the size and density of
the dust clouds that are generated by rotors are sensitive to the rotor geometry. Thus, a fully
aerodynamic solution to the problem of brownout may well be possible.
Chapter 7
Conclusions and Future Work
7.1 Conclusions
One of the main aims of this research has been to provide insight into the processes that
govern the entrainment of dust from the ground into the flow field surrounding helicopters
when they operate in desert conditions. The research has also focused on determining how
the helicopter configuration and rotor design affect the size and geometry of the wake that
is generated and how this in turn affects the size and density of the dust clouds that form.
To conduct these investigations, a computational model called the VTM, that is based on the
vorticity-velocity form of the Navier-Stokes equation, was used. It was also required that the
VTM be modified to allow the transport of particles within the flow field to be simulated.
During hovering flight in ground effect, it appears that the overall structure of the wake
that is generated by the rotor can vary significantly depending on the rotor configuration and
the height of the rotor above the ground. Instability within the rotor wake can cause the
rotor to generate one of two significantly different wake structures. In one of these structures
the tip vortices move downwards and away from the rotor while in the other the vortices
circulate around the rotor tips. This research suggests that the variation between the rotor
performance of different helicopters, when operating in ground effect, may be due in part to
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these differences in the structure of the wake that is generated by each rotor.
To allow the simulation of brownout a semi-empirical model has been integrated into
the VTM to determine the amount of dust that is entrained from the ground plane into the
flow field surrounding the rotor. The process of dust entrainment is governed by the induced
velocities within the flow field and particularly by the velocities close to the ground. The
simulations presented in this dissertation suggest there to be a universal model which de-
scribes the basic processes that govern the entrainment of dust. As the velocity along the
ground plane increases beyond a threshold velocity, entrainment of dust from the ground
into the flow field is initiated. The entrained dust stays in close proximity to the ground until
the trajectory of the flow turns away from the ground and transports the dust up into the
flow surrounding the helicopter. A separation zone exists where the dust accumulates as it is
transported along close to the ground. The separation zone occurs close to a stagnation point
in the flow where the radial velocity of the tip vortices is no longer great enough to penetrate
the oncoming flow and the trajectory turns away from the ground plane. Due to the velocity
field induced by each individual tip vortex, a very small separation zone is also formed just
upstream of each vortex as it interacts with the ground. As the induced velocity is related to
the vorticity within the wake, the size and density of the dust cloud that is produced is very
much dependent on the behaviour of the rotor wake.
Data from military operations has suggested that tandem rotor helicopters are more sus-
ceptible to inducing brownout than single rotor helicopters. Simulations of these two he-
licopter configurations were conducted to determine whether the VTM predicts this to be
the case. The results from the simulations have suggested that tandem rotor helicopters do
in fact generate dust clouds that are larger and more dense than those generated by single
rotor helicopters, when simulated at the same operating conditions, and hence these results
suggest that tandem rotor helicopters are indeed more susceptible to inducing brownout. The
overall wake structures generated by the single rotor and tandem rotor configurations, when
operating at the same advance ratio, appear quite different. Gradually reducing the advance
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ratio causes the wake from the single rotor to transition quite quickly from a form where
there is a prominent ground vortex to that where the majority of the wake recirculates around
the leading edge of the rotor. When the wake recirculates around the front of the rotor there
is very little interaction of the wake with the ground plane. With the tandem configuration
however, reducing the advance ratio results in the ground vortex from the rear rotor mov-
ing forward below the front rotor while the vorticity generated by the front rotor circulates
around the leading edge of that rotor. This results in a much greater interaction of the wake
with the ground plane than is experienced by the single rotor helicopter and thus a greater
amount of dust is entrained into the flow field around the tandem rotor.
The entrainment of dust from the ground plane below a helicopter is very much dependent
on the induced velocities within the flow. Thus, it may be expected that the stronger the tip
vortices that are generated by the rotor the more dust that becomes entrained within the
flow. This research has shown this to be not necessarily the case. It has been shown that
the behaviour of the rotor wake, and hence the dust cloud, is dependent on the advance ratio
of the rotor and that increasing the strength of the tip vortices does not necessarily mean
a greater interaction of the wake with the ground plane. For the particular rotor that was
simulated, at faster advance ratios, increasing the strength of the tip vortices, by changing
the design of the rotor, does increase the size and density of the dust cloud as the strength of
the wake along the ground plane increases. At slower advance ratios however, the method of
changing the strength of the tip vortices appears to have an effect on the wake structure that
forms. Decreasing the number of blades increases the strength of the wake on the ground
and results in an increase in the density of the dust cloud. Changing the twist and root cutout
of the blades however results in more subtle changes to the structure of the wake. Increasing
the strength of the tip vortices by altering either of these two parameters causes the density
of dust within the cloud to in fact decrease.
Although the physics that governs the entrainment of dust from the ground plane is con-
sistent between rotors, the size and density of the cloud that forms is very much rotor depen-
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dent. This research has focused on only a few select rotors but has shown how differences
in wake structure can have a significant effect on the dust cloud that forms. Thus, to deter-
mine the size and density of the dust cloud that would form around any particular rotor, the
behaviour of the wake of that rotor must first be known.
7.2 Future Work
The work presented in this dissertation can be extended considerably by conducting further
work in the future. Much of this future work would involve improving the modelling of
the ground plane and the dust entrainment models. However, there are also other areas that
may require further investigation in the future that have been revealed by some of the results
generated in the current research.
To conduct much of the research presented in this dissertation the VTM had to be mod-
ified to allow the transport of particles to be simulated. The particle entrainment models
that were implemented were taken from work published in the field of sedimentology. One
of the aims of the research was to show that these models capture the general behaviour of
the dust clouds, as was presented in § 4.4, and to determine the physics that governs the
entrainment process, as presented in § 5.5.3. In the future, this work must be extended fur-
ther if the spectrum of dust density within the flow field around any particular rotor is to be
modelled accurately. A controlled experimental investigation must be conducted in which
the particles are all of a known size. Such an experiment is required so that the spectrum
of dust within the clouds as predicted using semi-empirical entrainment models can be ver-
ified. The specific properties of the particles that saltate along the ground plane and those
that become suspended in the flow can be specified in the computational model. The ability
of the entrainment models used during this research to predict the spectrum of dust con-
tained within the cloud could then be verified by comparing the computed distribution to
data gathered through experiment. A further development to this would then be to establish
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how the density of dust as predicted by the VTM relates to what a pilot would actually see
and to determine how dense the dust cloud must be before the helicopter is considered to be
encountering brownout.
Further work must also be done to make the ground plane more realistic. Firstly, the con-
dition of no-slip should be implemented and a study conducted to determine how this affects
the size and density of the dust clouds that are generated. In addition to this, and particularly
relevant when simulating hovering rotors, the amount of dust that is on the ground plane, and
available for entrainment, should be limited. Not only would this be more representative of
an actual desert, there would also be interest in investigating how long it takes a dust cloud
to disperse and settle out of the flow field once there is no further entrainment of dust from
the ground. Another worthwhile modification to the code would be to allow the rotor to
approach the ground plane during a simulation. As it is currently, the rotor can be simulated
in any trajectory but the height of the rotor above the ground plane remains constant. For the
research presented in this dissertation, landing manoeuvres were approximated by simulat-
ing the rotor at various gradually slowing advance ratios but the rotor remained at a constant
height. A more realistic landing manoeuvre could obviously be simulated if the rotor was
capable of flying down towards the ground plane.
Research conducted for this dissertation revealed that the overall structure of the wake
generated by different rotors can themselves appear very different when operating in ground
effect. In § 5.4 these differences were highlighted by studying the wakes of hovering rotors.
An instability in the wake causes the structure of the wake to change but it is still unclear
why this instability effects the wake of some rotors and not others. Thus, in the future, an
investigation into wake instability in ground effect may be conducted to try to understand
which particular rotor and wake characteristics cause this instability to propagate through
the wake and change its overall structure. A worthwhile experimental investigation, which
would augmented this further computational work, would be to examine the wake structures
generated by a variety of hovering rotors under laboratory conditions to determine whether
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these different wake structures do in fact exist.
Finally, some of the current work, in particular that in § 3.3.2 in which the rotor of Lee et
al. was simulated and that in Chapter 6 in which a generic five-bladed rotor was simulated,
has suggested that the boundary plot of Curtiss et al. [20], which describes the different struc-
tures of a rotor wake during forward flight IGE, may not be entirely accurate for all rotors.
There is also difficulty in determining when the rotor wake transitions from the recirculatory
regime to the ground vortex regime. Thus, in the future, a study may be conducted in which
a variety of different rotors are simulated in forward flight in ground effect. By examining
the wake structures generated at a range of flight speeds and rotor heights above the ground
it will be possible to gauge how applicable the original boundary plot is to other rotors and
perhaps a new boundary plot could be defined.
Although there is much work to be done in the future and many questions still to answer,
it is hoped that the results presented in this dissertation will be of use to helicopter designers
and operators when trying to reduce the amount of dust that is entrained by the rotor wake in
desert conditions in the hope of eventually eliminating brownout altogether.
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